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Summary
Spontaneous nerve impulse activity has been attributed to be a dominant factor in 
the formation of the retinotopic map in the mammalian superior colliculus. Yet, 
the existence of a silent period, between anatomical connection and functional 
connectivity in vivo in the retinocollicular pathways, can be observed in different 
species ranging from avian to mammalian. It is in the light of this observation, I 
have investigated the onset of synaptic transmission in the retinocollicular 
projection of two species, a placental mammal, the Wistar rat and a marsupial, the 
Tammar wallaby.
Collicular brain slices were used to investigate functional connectivity, by means of 
extracellular recording and pharmacological agents. Functional synapses were 
present in these preparations, early in development. A novel in vitro whole 
collicular preparation with a pair of intact optic nerves was then developed to 
further address questions concerning the initial detection of axonal conduction in 
the SC and the onset of synaptic tranmission. These activities were detected in 
vitro in the rat at embryonic day (E) 16 and E 20 respectively; and in pouch young 
(PY) wallaby at day 4 (PY 4) and day 12 (PY 12) respectively. In view of these 
early detections in vitro in both species with respect to the previously published in 
vivo results (Molotchnikoff and Itaya, 1993; Pearce and Mark, 1997), a re­
examination in vivo was conducted in both species. In the rat, an early detection of 
functional connectivity was established at postnatal day 2 ( P 2), which is different 
from the previous results, P 10. However, the wallaby result was consistent with 
previous findings at PY 39. These findings suggest that there is a 4-day and 27-
Vll
day discrepancy between in vivo and in vitro synaptic transmission in the rat and 
wallaby respectively.
An attempt was also made to examine the possible factors that could account for 
the in vivo and in vitro discrepancy. Endogenous GABA was detected acting on 
GABA(A) receptors at the pre-synaptic sites in the optic nerve serving as a high 
frequency-sensitive filter just prior to the onset of functional connection in the 
retinocollicular pathway and continued well into postnatal development in rat. It is 
postulated that this GABAergic filter, which is switched on gradually at prenatal 
stage becomes increasingly efficacious in development. It is then switched off 
when the postsynaptic GABAergic mechanism in the superior colliculus is 
functional, after eye opening. This pre-synaptic GABAergic filter is implicated as a 
prime candidate, though not necessarily the only factor, that may explain this 
discrepancy.
In addition, this study has also documented and clearly established the similarity in 
functional development in the retinocollicular pathway between the rat, a placental 
mammal, and the wallaby, a marsupial.
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CHAPTER 1: INTRODUCTION
GENERAL OVERVIEW
One of the main objectives in studying the brain is to understand man himself. The 
mammalian brain is thought to consist of perhaps 100 billion individual neurons with a 
given neuron in the brain receiving several thousand synaptic connections from other 
neurons. This implies that there are many trillions of synaptic connections. And it is 
the pattern of these connections that determines what the brain does. Given the 
number of possible different combinations in the neuronal connections, it is not 
inconceivable that a unified theory for the brain is not readily available. Furthermore, 
our understanding of the different levels of neural organization (i.e. from molecular 
level to behaviour) and how they interface within the brain are not well defined and 
thus we are far from being able to put it together, as can be done in the axiomatic 
world of mathematics where the relationship between all its components is well 
established without any ambiguity.
Having realised this limitation and complexity in the mammalian brain, we have no 
alternative but to take a reductionist approach to study it and the immediate problem 
is then to find a suitable and realistic model for the study. The principle of 
reductionism means one’s basic modus operandi is to explain the higher in terms of 
the lower. But taking such an approach is like trying to understand the whole society 
by comprehending the behaviour of isolated individuals.
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A logical way to understand how our brain handles sensory perception is through the 
analytical study of brain development and its interactions with our senses over time. 
And one of the fundamental questions in development, the temporal relationship 
between structural connection and functional connection in the nervous system, is yet 
to be fully comprehended.
The developing mammalian retinocollicular pathway was chosen as the model for the 
study of the temporal relationship between its structural connection and functional 
connection because of the existence of the wealth of knowledge on its well defined 
cellular projections and three crucial developmental processes, namely: cell death, 
axonal retraction, and synaptogenesis (Lund and Lund, 1972; Dreher et al., 1983; 
Warton and McCart, 1989). In addition, the comparatively simple structure of the 
retinocollicular pathway is another reason for selecting this system within the central 
nervous sytem (CNS) for this investigation. In this thesis, an attempt is made to study 
the onset of synaptic transmission in the developing retinocollicular pathway of a 
placental mammal and a marsupial mammal, namely: the Wistar rat and the tammar 
wallaby (Macropus eugenii) for a parallel study in vitro and selectively in vivo.
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THE MAIN PLAYERS IN THE MAMMALIAN VISUAL SYSTEM
Retina
The retina has three cellular layers (the outer and inner nuclear layers and ganglion 
cell layer) which are interspersed with two intraretinal synaptic stations, in the outer 
and inner plexiform layers. The outer nuclear layer, which is located on the deepest 
surface o f the eye and farthest from the incoming light, consists the photoreceptors 
including rods and cones. They are concerned with night and daytime vision 
respectively. Next is the inner nuclear layer containing three main types o f neuronal 
cells, namely: horizontal cells, bipolar cells, and amacrine cells. The ganglion cell 
layer contains the cell bodies o f ganglion cells and a large number o f displaced 
amacrine cells. Structurally, the photoreceptors are connected to the bipolar cells, 
which in turn connect to the ganglion cells and hence to the optic nerve fibers. Apart 
from this through-line, the horizontal cells and the amacrine cells make lateral, or 
side-to-side, connections. Functionally, only amacrine cells and ganglion cells give 
propagated action potentials; whereas, photoreceptors, horizontal, and bipolar cells 
give local graded potentials. Synaptic connections between neurons in the retina are 
made in the outer and inner plexiform layers.
A visual image, passing through the cornea, aqueous humor, pupil, lens, vitreous 
body, and the retinal layers (the inner nuclear layer and the ganglion layer), is 
projected onto the photoreceptors. The image is then relayed from the photoreceptors 
to the ganglion cells in the ganglion cell layer through the bipolar cells by means o f the 
synaptic connections in the outer plexiform layer and the inner plexiform layer. The
1-3
horizontal cell bodies are mainly clustered in the junction of the outer plexiform layer 
and the inner nuclear layer, whereas the amacrine cells are located between the inner 
nuclear layer and inner plexiform layer as well in the ganglion cell layer. Thus these 
two sets of interneurons are strategically positioned to modify any visual input at the 
relay points. At the ganglion cell layer, visual information is processed and sent via 
their axons directly through optic disc, optic nerve and optic tract to the primary 
visual centres—including lateral geniculate nucleus (LGN) and superior colliculus 
(SC) (Bunt et al, 1983; Wye-Dvorak, 1984).
Displaced amacrine cells and ganglion cells are the two major classes of neurons 
found in the retina of both placental and marsupial mammals (Rodiek, 1973; Hughes, 
1985; Dunlop et al, 1988) . Histologically, it is found that the distribution of ganglion 
cells is uneven across the retina. In adult mammals (both placental and marsupials), 
the region of retina which has the greatest density of ganglion cells is the area 
centralis, with some exceptions (Hughes, 1977). Ganglion cell axons spread across 
the entire ganglion cell layer in the innermost surface of the retina and bundle together 
at the optic disc before leaving the eye and entering the optic nerve. The displaced 
amacrine cells are intrinsic retinal neurons confined strictly within the eye.
Optic Nerve, Chiasm and Tract
The optic nerve, which is the second cranial nerve and an outgrowth of the retina, is 
an integral part of the central nervous system by embryonic origin. In the adult optic 
nerve, the cell counts between retinal ganglion cells and axons numbers are in close
1-4
tally in both placental mammals such as rat (Lam et al, 1982; Perry et al, 1983; 
Sefton and Lam, 1984; Crespo et al, 1985), and cat ( Williams et al, 1983, 1986; 
Robinson, 1991); and in marsupials such as brush tailed possum (Freeman and 
Watson, 1978), North American opossum (Kirby et al, 1982), and quokka wallaby 
(Braekevelt et al, 1986). Moreover, it seems that only ganglion cells in the retina are 
sending axons to the target and for each retinal ganglion cell there is a corresponding 
axon in the optic nerve.
During development, the overproduction and also the subsequent loss of axons in the 
optic nerve are observed to follow a similar trend between placentals such as rat 
(Lam et al, 1982; Perry et al, 1983; Sefton and Lam, 1984; Crespo et al, 1985), 
hamster (Tay et al, 1986) and rabbit (Robinson et al, 1987); and marsupials such as 
North American opossum (Kirby et al, 1988), Australian native cat (Crewther et al, 
1988) and quokka (Braekevelt et al, 1986). In addition, in all adult marsupials 
investigated thus far, myelination is generally found in all fibers of the optic nerve in 
brush tailed possum (Freeman and Watson, 1978), North American opossum (Kirby 
et al, 1982), quokka (Beazley and Dunlop, 1983; Braekevelt et al, 1986) and grey 
kangaroo ( Dunlop et al, 1987) with the exception of opossum ( Didelphis 
marsupialis, Hokoc and Oswaldo-Cruz, 1978).
In the non mammalian vertebrates, at the optic chiasm, there is a complete crossing of 
the visual input from the retina so that all the input from the visual field to the left eye 
goes to the right side of the brain, and vice versa (Lund, 1978).
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In mammals, the degree of cross-over of the retinal axons is strictly a function of the 
laterofrontal position of the eyes and thus it is this that determines the extent of the 
visual field presented to the opposite side of the brain. With more laterally eyed 
animals such as rats, 95% of their axons cross over in the optic chiasm and project to 
the contralateral side of the brain leaving a small perecentage of the axons from the 
retinal ganglion cells located on the temporal side of the retina projecting ipsilaterally 
(Takahashi et al, 1977; Hsiao, 1984). In mammals with more frontally positioned 
eyes such as cat, monkey and wallaby (Thompson, 1985; Wye-Dvorak et al, 1987), 
great numbers of retinal axons are uncrossed, allowing for considerable binocular 
vision. Each optic tract carries information from the lateral side of one retina and the 
medial side of the other retina. Thus, each tract delivers to the half of the brain on its 
same side information about the opposite half of the visual field.
Superior Colliculus
The mammalian SC lies on the dorsal surface of the midbrain. It is positioned 
caudally to the thalamus, bound rostrally by the brachium of the superior colliculus 
and pretectum, caudally by the inferior colliculus, and ventrally by mesencephalic 
central gray and reticular formation. The primary function of the SC is in visual 
attention and orientation movements (Sprague and Meikle, 1965; Stein, 1984). It also 
receives sensory inputs from visual, auditory and somatosensory modalities (Wallace 
et al, 1993), and it has direct connections to brainstem and spinal cord areas that 
control movements of ears, eyes, and head (Grantyn and Grantyn, 1982; Huerta and 
Harting, 1984a,b; Meredith and Stein, 1985; Moschovakis and Karabelas, 1985; Vidal
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et al, 1988; Meredith et al, 1992; Wallace et al, 1993). Thus, the SC is involved in the 
initiation of saccadic eye movements and also associated with movements involving 
the orientation of the head and body (Wurtz and Albano, 1980). The SC is involved 
in responses to moving stimuli and may be involved in pattern discrimination (Sprague 
et al, 1970).
Basically, the different mammalian species share a common scheme of anatomical 
organisation within the SC (Lund, 1972; Stein, 1981) and this includes marsupials 
(Pearson et al, 1976; Sanderson et al, 1979; Wye-Dvorak, 1984; Sheng et al, 1990). 
The SC is a layered structure, the alternating layers being predominantly cellular or 
fibrous in nature (for review see Schiller, 1984; Stein, 1984). There are seven distinct 
layers. They are, namely : stratum zonale (SZ), stratum griseum superficiale (SGS), 
stratum opticum (SO), stratum griseum intermedium (SGI), stratum album 
intermedium, stratum griseum profundum, and stratum album profundum, from dorsal 
to ventral respectively. Generally, the first three layers are classified as superficial and 
the four ventral layers are known as deep layers (Harting et al, 1973; Stein, 1984). 
Golgi and cytoarchitectonic studies have shown that the mammalian SC is definitely 
not a uniform structure (Sterling, 1971; Valverde, 1973; Langer and Lund, 1974; 
Kanaseki and Sprague, 1974; Tokunaga and Otani, 1976; Robson and Hall, 1977). 
Neurons in different superficial layers have different morphologies (Langer and Lund, 
1974). And similarly, cells in the deep layers also differ substantially from the 
superficial layers (Viktorov, 1966; Tokunaga and Otani, 1976 ).
1-7
The superficial layers of the SC receive topographical projections from the retinal 
ganglion cells. In general, there are at least two distinct classes of retinal ganglion 
cells that project into the SC. The larger, slower conducting W fibers project 
superficially, while the more rapidly conducting Y fibers project ventrally (Rhoades et 
al, 1991). The retinal inputs enter the SC through its brachium and project across in 
the stratum opticum. This is seen in both the eutherians (Kanaseki and Sprague, 
1974; Hubei et al, 1975; Graybiel, 1975, 1976; Harting and Guillery, 1976; Wise and 
Lund, 1976; Land and Lund, 1979) and the marsupials (Pearsons et al, 1976; Royce 
et al, 1976; Sanderson and Pearson, 1977; Sanderson et al, 1979; Wye-Dvorak, 1984; 
Harman and Beazley, 1986). Generally, the temporal retina projects rostrally, the 
nasal caudally, the dorsal laterally and ventral medially (Kruger, 1970; Schniller, 1984; 
Flett et al , 1988; Mark et al, 1993a,b). The superficial layers in the SC of both 
eutherians and marsupials also receive afferent input from layer 5 in the visual cortex 
(Garey et al, 1968, Kawamura et al, 1974, Hollander, 1974, Gilbert and Kelly, 1975, 
Kunzle and Akert, 1977; Mcllwain, 1977; Updyke, 1977; Sefton et al, 1981; 
Olavarria and Van Sluyters, 1982; Fries and Distel, 1983; Segal et al, 1983; Fries, 
1984; Stein, 1984; Bishop, 1984: Sheng et al, 1990). There is no reciprocal 
projection to the visual cortex (Schiller, 1984). However, neurons in the superficial 
layers send axons to other nuclei involved in vision, such as the pulvinar, pretectal and 
ventral lateral geniculate nuclei. In addition, there is a small projection to the dorsal 
lateral geniculate nuclei (Schniller, 1984; Harting et al, 1991).
Anatomically there is clear distinction between the superficial and deep layers of SC, 
largely due to the relative paucity of cell bodies in the stratum opticum. Connections
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to and from the deep layers are more complex than in the superficial laminae; 
connections being made with up to forty cortical and reticular nuclei (Schniller, 1984; 
Huerta and Harting, 1984a,b; Guitton, 1991). From a functional viewpoint, visual 
representations are found primarily in the superficial layers of SC but are also present 
in the upper portions of the deep layers of the SC. On the other hand, auditiory and 
somatosensory respresentations are confined strictly to the deep SC; and here one can 
also detect cells responding to more than one sensory modality ( Straschill and 
Hoffmann, 1969; Godon, 1973; Stein and Arigbede, 1972; Abraham and Rose, 1975; 
Stein et al, 1976). In short, there is a continnum of sensory representations in the SC 
starting with the principal recipient of optic input at its most dorsal extent and 
gradually changing to auditory, somatosensory and then multi-modalities as one 
moves in a dorsal to ventral gradient in the SC.
Lateral Geniculate Nucleus
The lateral geniculate complex is a group of cells situated on the lateral border of the 
dorsal thalamus. It receives a major retinal input and then relays to the visual cortex. 
In cat, where much attention has been focussed, the geniculate complex comprises 
dorsal lateral geniculate nucleus (dLGN), the ventral LGN (vLGN), the medial 
interlaminar nucleus, the perigeniculate nucleus and the geniculate wing.
The optic nerve fibers projecting from each eye terminate on cells in the right and left 
dLGN, distinctively layered structures. However, the degree of laminar organization 
varies from species to species. In the rodents, the dLGN has a fairly uniform cell
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population and lamination is not easily recognizable (Jones, 1985); whereas, in the 
cat, there are three well-defined layers of cells . The most innermost two are A and 
A1 and the third, lamina C, has a complex structure that is further subdivided 
(Guillery, 1970). In the monkey the dLGN has six layers of cells. In the four dorsal 
layers (3, 4, 5 and 6), the cells are smaller than in layers 1 and 2. The lamination 
patterns in the dLGN of five macropodid marsupials have been described by 
Sanderson et al (1984b). Generally, the laminated dLGN can be grouped into two 
segments, namely: a , the lateral segment in which closely packed cells are organized 
in distinct cellular layers and ß, the medial segment which is made up of scattered cells 
of less distinct lamination. In the tammar, up to six laminae are clearly classified, 
with the a  segment being further divided into five sub-laminae (Sanderson et al, 
1984b).
The dLGN being the main receiving terminal of retinal input in the thalamus, its retinal 
input is characterized by a high degree of laminar specificity. This is not only 
according to the eye of origin, but neighbouring regions of the retina also make 
connections with neighbouring geniculate cells so that the receptive fields of adjacent 
neurons overlap with most of their area (Hubei and Wiesel, 1961; 1972). In the 
visual cortex, the receptive field properties of the great majority of geniculate cells are 
observed to be very similar to those of ganglion cells (Rodieck, 1979).
The dorsal and ventral LGN are situated in close physical apposition, but they differ in 
embryonic origin since the dLGN is derived from dorsal thalamus and the vLGN is 
derived from ventral thalamus. In contrast to the dLGN, the vLGN does not project
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to the cortex but receives input from retina and visual cortex (layer VI) and it is 
extensively connected to various subcortical structures such as SC and 
suprachiasmatic nucleus (Garey et al, 1991). The vLGN is implicated in brightness 
discrimination functionally (Legg and Cowey, 1977) and in the light reflex (Legg, 
1975).
Functionally, the LGN is a collection of finely tuned cells with different functional 
properties represented in different layers. For example, cells in the four dorsal layers 
of monkey dLGN are fine discriminators for lights of different colours and in mink 
and ferret the “on” and “off’ centre cells are grouped in different layers of dLGN 
(LeVay and McConnell, 1982).
Visual Cortex
Groups of neurons in the visual cortex process information about form, contrast,
V
distance, location and colours of objects. According to the type of information they 
carry, cortical neurons have been classified into simple and complex cells. 
Neighbouring simple and complex cells share common functional properties. Cells are 
stacked in the form of columns that run at right angles to the cortical surface (Gilbert 
and Wiesel, 1989). Orientation and ocular dominance columns have been 
demonstrated in living animals by optical recording techniques (Ts’o et al, 1990) . 
Maps in the visual areas of the cortex are not simple representations of the retina 
(Bishop, 1984; Hubei, 1988).
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The anatomical structures of the primary visual cortex in all mammalian species are 
generally organized into six laminae according to cytoarchitecture and cytology. 
Visual processing is accomplished by a network of cortical areas in most mammals. 
According to the comparative survey study of Kaas and Krubitzer (1980) done in 
visual cortex organization in mammals, it is likely that all visual mammals have a 
primary visual area, (striate cortex, area 17), in common and also perhaps several 
other visual areas, including the second visual area (which forms part or all of 
cytoarchitectonic area 18).
In the primates, as many as 20 cortical areas out of a total of 36 are implicated to be 
exclusively or largely for visual function; and of these, 10 are demonstrable 
electrophysiologically (Van Essen, 1985). The most prominent area is a highly 
developed striate cortex known as VI retinotopically and area 17 cytoarchitecturally. 
The striate cortex occupies roughly 15-17% of the total neocortical surface, covering 
virtually the entire occipital lobe and extending rostrally to the lunate sulcus and 
laterally beyond the calcarine sulcus. Area 18 contains parts of at least five 
topograghically organized areas and is mainly occupied by V2. It has a common 
boundary with VI and a visual respresentation in mirror image to that in VI (Zeki, 
1969; Gattass et al, 1981).
Based on Lund’s (1973) lamination classification done in the monkey visual cortex , 
layer I of the visual cortex is comparatively narrow, consisting mainly of fibre 
terminals and terminal branches with a few scattered stellate cells; layer II and III 
blend gradually into one another, consisting of both pyramidal and spined stellate
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cells; layer IV is made up of four sublaminae: IVa, IVb, IVc,a and IVc,ß. Both IVa 
and IVb contain pyramidal and stellate cells. Layer IVc, being the most prominent 
cell condensation in area 17, contains stellate cells only and can be subdivided into 
layer IVc,a and IVc,ß based on the different axonal distribution. The axons from Y- 
type cells in dLGN terminate in this sublamina IVc,a whereas those from X-type cells 
in dLGN terminate in sublamina IVc,ß. Again, there are two sublaminae: Va and Vb. 
Both contain pyramidal cells only but those in sublamina Vb are sparsely located and 
relatively larger. Layer VI contains both stellate and pyramidal cells (Lund et al, 
1975, 1979).
In Nissl-stained sections, the six iayered organization of area 17 of rat cortex can be 
visualized. Layer I is thin with a sparse distribution of non-pyramidal cells and it is 
thought to receive a direct input from the dLGN. Layer II and III are not readily 
differentiated and they contain both pyramidal and non-pyramidal cells. The 
abundance of cell bodies of small pyramidal and non-pyramidal neurons in layer IV 
defines this layer. Layer V is filled with large pyramidal cells, especially in the lower 
half of the layer. In contrast, layer VI is dominated with small and medium sized 
pyramidal and pyramidal-like cells (Ribak and Peters, 1975; Feldman and Peters, 
1978).
In marsupials, the anatomical structure of the primary visual cortex is similarly 
organized into six distinct laminar (Heath and Jones, 1971; Mayner, 1985). Layer II 
of the wallaby and opossum stand out as a narrow, closely packed collection of 
medium-sized pyramidal cells (Haight et al, 1980: Mayner, 1989).
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Fibres from the visual cortex project to the dLGN to make the geniculocortical 
connection reciprocal. In monkey, area 17 is the major source of the 
corticogeniculate projection, which terminates in all layers of the dLGN (Lund et al, 
1975; Ogren and Hendrickson, 1976; Lin and Kaas, 1977; Graham, 1982). In rat, 
cortical projections to the dLGN arise from the large pyramidal cells from area 17, 18 
and 18a (Sefton et al, 1981). And a similar observation is also made in the tammar 
wallaby (Sheng et al, 1990).
In addition, the superficial layers of the SC receive substantial input from the visual 
cortex, in topographic alignment with the retinal inputs in the SC. The 
corticocollicular projection in rhesus monkey arises from areas 17, 18 and 19, plus 
from some extrastriate areas. In SC, the corticocollicular projections terminate 
mainly in SZ and SGS with a few projections ending in SO (Graham, 1982, Fries and 
Distel, 1983; Fries, 1984). A close anatomical resemblance is also observed in the 
projection patterns of corticocollicular fibres of the pyramidal cells in the cortical layer 
V in rat (Sefton et al, 81; Olavarria and Van Sluyters, 1982) and wallaby (Sheng et 
al, 1990).
RETINOCOLLICULAR PATHWAY
Anatomically, the visual system in marsupials parallels the developmental plan 
observed in the placental mammals (Mann, 1964; Dowling, 1970; Rodieck, 1973;
1-14
Johson, 1977; Lund, 1978; Dunlop et al, 1988; Mark and Marotte, 1992). In a fully 
developed mammalian visual system, there are two parallel functional visual pathways 
that process visual information from the retina to the visual cortex. One of these 
pathways originates from the retina going through the optic nerve , optic chiasm, 
optic tract and makes its first synapse at the LGN and then through the optic 
radiation before its final termination at the visual cortex. And the other pathway also 
originates from retina but making its first synapse at the SC instead of the LGN, this 
pathway is then reconnected from the SC to the LGN. Both the LGN and the SC are 
classified as primary visual centres because they each receive their first relays from a 
direct retinal projection. It is this second pathway that is of concern to in this present 
study and is known as the retinocollicular pathway.
Brief descriptions of structural formation of the retinocollicular pathway
The development of the visual pathways begins with the formation of the optic stalk. 
The optic stalk is made up of non-neuronal cells and forms a connection between the 
developing optic cup and the thalamus. Axons from the retinal ganglion cells come 
into contact with the optic stalk as they grow and project from the retina through the 
optic disc. As the axons grow, they follow the optic stalk and pass through the optic 
chiasm and thalamus onto the primary visual centres (Horsburgh and Sefton, 1986).
At early stages of development of the optic nerve, the axons from the retina are 
grouped together in fascicles. The elongation of the growing axons takes place at the 
axon tip, which terminate in growth cone stuctures (Westerfield and Eisen, 1988).
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Motile filopodia extend from growth cones. These structures are thought to respond 
to adhesive and other molecular cues in the surrounding environment (Rehder and 
Kater, 1992).
Both the optic stalk and the optic chiasm play a role in the guidance of the 
outgrowing retinal afferents towards their primary targets (Land and Lund, 1979; 
Marotte and Mark, 1988). If the eye is rotated at its socket shortly after birth but 
prior to retinal innervation of the brain, axons leaving the retina are inverted with 
respect to their normal orientation. Yet at the optic chiasm, these fibres reorient and 
take their normal projection onto the SC. This observation suggests the ability of the 
optic chiasm to reestablish a normal orientation amongst retinal axons (Marotte and 
Mark, 1988; Mark and Marotte, 1992).
Amongst mammals, the precision of initial topographical order in the retinocollicular 
projection varies from species to species. In the prenatal and neonatal rat, the 
topographical order is virtually lost (Simon and O’Leary, 1991; 1992), whereas, the 
retinotopic order in the SC of both the newborn kitten (Henderson and Blakemore, 
1986) and pouch young wallaby (Marotte and Mark, 1988; Marotte, 1990) show a 
fair degree of precision during development.
Unfortunately, if one was to survey the literature then one is likely to find that there is 
very little or no systematic account available in linking the study of neural 
development anatomically and physiologically in the mammalian retinicollicular 
connection. This is clearly evidenced from the data as shown as in Table 1 below.
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TABLE 1
Col. A Col. B Col. C Col. D Col. E
Species Gestation Eye Time Onset of Onset of Silent Silent
(days) Opening that functional functional Period = Period =
(Days) retinal synapse synapse Col B - Col C -
axon first (e le c tr ic a lly (v is u a lly Col A Col A
reaches s t im u la te d ) e v o k e d ) (days) (days)
S C
Chick 21.51'2 E192 E63 - E18.54 - 12.5
Rat 21 -235 P146 E167 P106 P12-136 15- 17 17-20
Cat 62-678 P89 E328 - P610 - 30-35
Wallaby 26-2811 P14012 P413 P3914 - 35 -
Rabbit 3215 P l l16 E2117* P216 P6-716 13* 17-18*
*E21 (Crabtree, 1989) was the earliest day that was being invsetigated 
histologically in the rabbit retinocollicular pathway. Even at this age, it was found 
that contralaterally projecting retinal fibres have invaded across the entire SC.
1 Hamburger & Hamilton, 1951
2 Rol’nik, 1970
3 Yamagata & Sanes, 1995
4 Sedlacek, 1969
5 Donnelly, 1990
6 Molotchnikoff & Itaya, 1993
7 Bunt et al, 1983
8 Williams & Chalupa, 1982
9 Blakemore & Cummings, 1975
10 Kao et al, 1994
11 Merchant, 1979
12 Spira & Marotte, 1989
13 Ding & Marotte, 1996
14 Pearce & Mark, 1997
15 Gayer et al, 1989
16 Spear et al, 1972
17 Crabtree, 1989
O f the studies listed, only two of the five in those concerning species reported did the 
investigators (Molotchnikoff and Itaya, 1993; Pearce and Mark, 1997) have the clear 
intention of determining the onset of functional connection in the retinocollicular 
pathway with an electrical stimulation and then assessing their results in relation to its 
structural connection in development.
As shown in Table 1, there is a time lag between structural and functional connections 
(see Column D and Column E). It is allowed that the results in Column E could be 
biased due to the late development in the retina. Also, it is possible that experimental 
differences had some effect upon the results listed in Column C. Nevertheless, as the 
figures show, there is a long silent period (the duration between the initial structural 
connection and the onset of functional coonection) for all the species under 
consideration.
This long silent period has an important bearing upon our understanding of how the 
the retinotopic ordering of axons in the visual pathway might relate to the formation 
of visual maps in the central targets. There are two established dogmas in the 
literature namely: (a) The doctrine of Sperry’s chemoaffinity hypothesis, and (b) The 
activity-dependent development.
In essence, the Roger Sperry’s hypothesis is that axons and their targets in the brain 
must carry some kind of unique identification labels and most likely they are chemical 
in nature, by which, they are able to distinguish one from the other. This precision or 
mapping is extended all the way down to the level o f a single neuron. In short, this is
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how the retinotectal map is formed (Sperry, 1963). On the other hand, the activity- 
dependent development dogma as advocated by Carla Shatz is that the spontaneous 
activity of retinal ganglion cells is likely to provide the spatio-temporal cues for the 
formation of the retinotopic map in the SC (Shatz, 1990). In reality, Shatz does not 
rule out the role played by chemoaffinity in neural connection but she is of the view 
that activity-dependent synaptic remodelling is the hallmark of vertebrate central 
nervous system development.
The existence of the long silent period between the initial structural connection and 
the functional connection in the retinocollicular pathway in different species and if one 
were to accept all these data (shown in Table 1) on face value then this seems to 
imply that the retinotopic map formation in the SC is not an activity-dependent 
development. Such a view cannot be dismissed as there are ample evidences put 
forward by various researchers stating that the presence of a large family of receptors 
serving as molecular cues helps developing neurons to make the right connections in 
the brain (Walter et al, 1987; Cheng et al, 1995; Drescher et al, 1995; Harris and Holt, 
1995; Tessier-Lavigne and Goodman, 1996).
On other hand, the importance of spontaneous neural activity on map formation is 
supported by equally convincing evidence from the use of tetrodotoxin chronically 
applied to the prenatal retina and retinal afferents resulted in non-eye-specific-layering 
the LGN (Shatz and Stryker, 1988); and the recordings of spontaneous activity from 
retinal ganglion cells in the embryonic rat in vivo (Galli and Maffei, 1988).
1-18
PROBLEM FORMULATION
It is clear that the observed long silent period as shown in column D and column E of 
Table 1, in various species, would have serious implications for the formation of 
retinotopic map during this crucial developmental time window in the visual system if 
one were to favour the activity-dependent hypothesis.
It is with this conflicting background in mind that this thesis aims to investigate the 
two following issues using a reductionist in vitro approach in the retinocollicular 
pathway, they are:
a) When can axonal conduction be detected in the superior colliculus?
b) When does synaptic transmission begin to take place?
APPROACH
Extracellular recordings of evoked potentials will be taken in the SC of a placental 
mammal and marsupial mammal, namely: the Wistar rats and the tammar wallaby 
{Macropus eugenii) using brain slices and a novel in vitro preparation initially, as well 
in vivo recordings subsequently. In addition, pharmacological agents will be used as 
screening tools to identify the various synaptic components.
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WHY STUDY A MARSUPIAL?
Distinctively as they are in their reproductive system, the marsupials inherit all critical 
biological features of typical mammals such as mammary glands, high and stable body 
temperature. In fact, all the details of neuroanatomy are so identical to those found in 
placental mammals except that the absence of the corpus callosum in the 
macropodidae. This is highly compensated by the expanded anterior commissure and 
fasciculus aberrans which take the interhemispheric fibres that cross-link symmetrical 
neocortical region (Heath and Jones, 1971). Functionally, Crewther et al (1984) have 
established the homology between the corpus callosum and the fasciculus aberrans in 
the visual cortex. Therefore, not only on histological ground that can one not 
differentiate between placentals and marsupials but one will be surprisingly amazed to 
see the close resemblance in their functional development as unfolded in this thesis.
The development of the marsupial nervous system is more protracted than many 
placental mammals. This implies that events that take place simultaneously in 
placentals may be days or weeks apart in marsupials would translate into extended 
time frame. The analogy is like having a better resolution of the temporal signal but 
without a corresponding increase in its noise level.
In addition, the development of the visual system, from initial structural connection up 
to eye opening, takes place in the pouch. This easy accessibility has no parallel in the 
placental mammals (Mark and Marotte, 1992) . Moreover, a detailed account of the 
morphological development of the SC is availiable (Ding and Marotte, 1996).
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THESIS OUTLINE
This thesis consists o f four chapters and it follows the format o f a typical scientific 
paper where Chapter 1 serves as introduction and problem formulation. All the 
materials and methods used in the experiments are covered in the Chapter 2.
Chapter 3 contains the experimental results in two different sections. Each section is 
devoted exclusively to one species. Brain slices were used in a prelimary investigation 
to address the issue o f onset o f synaptic transmission, capitalising on the comparative 
advantage o f employing current source density profiles in the laminar structure o f the 
SC. Subsequently, a novel in vitro whole collicular preparation with a pair o f intact 
optic nerves was developed to circumvent certain limitations imposed by the slice 
preparation as a technique for investigating the onset o f axonal conduction and 
synaptic transmission in the retinocollicular pathway. The results obtained using the in 
vitro techniques were at variance with earlier in vivo studies in rat and wallaby with 
regard to the ages at which synaptic transmission occurred. Thus, a re-investigation 
o f in vivo study was launched. An attempt was also made to bridge the discrepancy 
between the in vitro and in vivo results with a special emphasis on the possible role o f 
GABA in the developing optic nerve. All these investigations were conducted initially 
in the rat and then in the wallaby.
Discussion o f this work and the conclusions drawn are to be found in Chapter 4.
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CHAPTER 2: MATERIALS AND METHODS
Animals
Both Wistar rats and tammar wallabies were used in this study. They are mated in the 
laboratory colony. The ages of Wistar rat pups were counted as postnatal day 0 (P 0) 
and the wallaby as pouch young 0 (PY 0) on the day of birth respectively.
Wallaby
Experimental animals were obtained from a breeding colony of wallabies, Macropus 
eugenii, commonly called the tammar. In this species of wallaby, birth and pouch entry 
is after 26 - 28 days interuterine gestation. Eye opening occurs at around 140 days after 
birth. Emergence from the pouch is about 200 days after birth and the animals reach 
sexual maturity at about 2 years. Age is determined by exact timing of birth following 
oestrus induced by removal of an existing pouch young from a breeding mother, or from 
a table of head length versus exactly known age compiled from the breeding population. 
It is within an accuracy of ± 2 days.
Two identical series of experiments were conducted using rat and wallaby. In each 
series, it was further subdivided into four sub-categories of investigation. They were 
slice preparation, whole collicular preparation, in vivo and optic nerve conduction. 
Given that one of the aims of this thesis is to characterize the neuronal developmental 
properties of the retinocollicular pathway in two different species, a conscious attempt
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was made to conduct all the experiments of two species under identical conditions except 
for the special needs of the pouch young wallaby which demand a modification of the in 
vivo recording setup. All experimental procedures were approved by the Animal 
Experimentation Ethics Commitee of the Australian National University.
TISSUE PREPARATION
Brain Slices for Rat and Wallaby
Parasagittal collicular slices (see Fig 1) were obtained from Wistar rats aged P 2 to P 35 
(16 animals) and tammar wallabies PY 20 to PY 142 (10 animals). Each animal was 
decapitated, and a block of tissue containing both colliculi was quickly removed and 
placed for 1 minute into a beaker of chilled oxgenated artificial cerebrospinal fluid 
(ACSF) with the following composition: NaCl 124mM; KC1 5mM; NaH2P0 4  1.25mM; 
M gS04 2mM; NaFICO? 26mM; d-glucose llm M ; and CaCl2 2mM bubbled with 
carbogen (a mixture of 95% oxygen and 5% carbon dioxide). The tissue block 
containing SC was trimmed and then placed on a layer of moistened filter paper attached 
to a chilled cutting block and was cut sagittally with a razor blade to create a flat surface 
on its hemisphere for a stable mounting. The tissue was glued with instant adhesive 
(Loctite 406, Loctite Corp, DE, USA) onto a Teflon stage with its flat surface down. 
The 400pm collicular slices were cut horizontally with a vibratome in oxygenated 
sucrose ACSF (sACSF) with the following composition: NaCl 124mM; KC1 5mM; 
NaH2P 0 4 1.25mM; M gS04 2mM; NaHCO? 26mM; d-glucose 1 ImM; and CaCl2 2mM
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bubbled with carbogen at 2°C, and transferred initially into a Petri dish filled with 50% 
chilled sACSF and 50% ACSF bubbled with carbogen. Susequently, the slices were 
transferred to a static bath of oxygenated ACSF where they were incubated at 37°C for 
30 min, after which they were held at room temperature for at least 60 min before 
commencement of recording.
After transfer to the recording chamber, each slice preparation was positioned at the 
interface of a thin layer of flowing bathing medium (oxygenated ACSF) and a layer of 
flowing humidified gas (95% oxygen and 5% carbon dioxide) in an interface chamber for 
electrophysiological recordings. The temperature was maintained at 30°C inside the 
interface bathing medium throughout the experiment.
Whole Collicular Preparation for Rat and Wallaby
Embryonic rats were harvested from time-mated mothers anestheized with Nembutal 
(pentobarbitone - 30mg/kg) after pret-treatement with atropine sulfate. Several embryos 
from each mother were measured for crown-rump-length to verify age in accordance 
with published data. And each mother was then given an over-dose of Nembutal.
Embryonic and postnatal rats from embryonic day (E) 14 to P 3 (91 animals) and pouch 
young wallaby from PY 4 to PY 36 (39 animals) were anestheized with ice and 
decapitated. The heads were quickly transferred to a recirculating chilled bath (below 
10°C) of sACSF of the following composition (adapted from Agajhanian and Rasussen 
(1989) to have no phosphate and normal calcium): sucrose 266 mM; NaHCOs 17 mM:
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d-glucose 12mM; KCl 3mM; CaCl2 2mM; and MgCb ImM (Agajhanian and Rasussen, 
1989). Solutions were pH balanced to 7.4 + 0.1 and bubbled with 95% oxygen and 5% 
carbon dioxide. Once immersed, the skull cap, including overlying skin and muscle, was 
removed with fine scissors. Overlying meninges were removed, and the brain was lifted 
to reveal the optic nerves, which were dissected free of surrounding tissue and cut close 
to the eye to maintain as much length as possible. The brain was then split in half 
longitudinally except for a transverse cut from midline laterally made behind the 
contralateral optic nerve to maintain its connection to the half of interest. This whole 
collicular preparation (a hemi-diencephalic-mesencephalic preparation with its pair of 
optic nerves intact) (see Fig 1) was then incubated in the ACSF for a total of 2 hours 
from the time of decapitation and then transferred to normal ACSF (at room 
temperature) for an hour. The tissue was then placed on a standard interface chamber 
for recording at 25°C.
In Vivo Rat and Wallaby
Rat In vivo experiments were conducted in Wistar rats aged between P 0 to P 11 (12 
animals). Animals were anaesthetised by an intraperitoneal injection of ethyl carbamate 
(Urethane, Fluka AG) at a dosage of 3 mg/100g body weight. Additional urethane 
(dosage: 1.5 mg/100g) was given every hour or when needed. The animal was kept 
inside a cylindrical shape water jacket with the inside temperature maintained at 37°C. 
The animal’s head was secured with metal wires and modelling clay. Electrocardiogram
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Fig. 1 The in vitro preparations. A. Conventional slice preparation from 
a young adult rat. Recording electrodes are placed in the superficial 
layers of the superior colliculus and dashed lines indicate successive 
recording positions for reversing potentials. Stimulating electrodes are 
placed along the optic tract in the rostral colliculus or pretectal area. B. 
Whole collicular preparation from a neonatal rat. Recording electrodes 
penetrate perpendicular to the collicular surface and are advanced to 
varying depths. Stimulating electrodes are placed on the contralateral 
optic nerve or optic chiasm.
1 mm
Whole Collicular 
Preparation1 mm
R = Recording electrode SC = Superior colliculus 
S = Stimulating electrode IC = Inferior colliculus 
C = Caudal ON = Optic Nerve
was monitored throughout the experiment through electrodes placed on each side of 
the thorax and connected to a loudspeaker.
The optic nerve head was exposed, by incising the cornea and removing the lens and 
most of the vitreous humor, and a pair of bipolar electrodes with points insulated to 
within 0.5mm of the tips were placed on the optic nerve head for electrical stimulation.
Wallaby In vivo experiments were performed on pouch young wallabies of either sex 
aged from PY 25 to PY 49 (6 animals). The pouch young were anaesthetized initially 
intraperitoneal injection of ethyl carbamate (Urethane, Fluka AG) 20% w/v at a dose of 
3mg/100g body weigtht. Anaesthesia was continued with 1/4 of the original dose 
given intraperitoneally each half hour, 2 to 4 times and thereafter when needed. The 
animal was placed in an artificial pouch consisting of flexible polythene bag surrounded 
by a water jacket (see Fig 2) kept at 37°C. The head, held in a holder mounted on a 
ball joint, was fixed in a standard position with the palprebral fissures horizontal, as 
measured by a sighting spirit level. If the head became cool it was warmed by an 
incandescent light bulb placed close by. Subcutaneous electrodes on each side of 
thorax allowed the electrocardigram to be recorded continously and monitored on a 
chart recorder and loudspeaker. This served as an indicator of the physiological 
condition of the animal and the depth of anaesthesia, any lightening of which was 
signalled by acceleration of the heart rate or irregularity before any body movements 
were detectable.
Upon the completion of in vivo recording, the site in the colliculus was marked by an 
electrolytic lesion made by passing an electric current of 10 microamps for 10 seconds
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through the recording electrode. This facilitated the identification of recording sites. All 
animals used for in vivo recording also were immediately subjected the same procedures 
as the whole collicular preparation as described above for in vitro recordings (that is, 
they were placed and cooled with ice before decapitation).
Drug Administration
All pharmacological agents were purchased from Research Biochemicals International 
(Natick, MA) or Sigma (St Louis, MO). All drugs were applied via perfusion with the 
exception of certain drugs used in the brain slice preparations where microdrops were 
applied to the surface of the slice via pressure ejection. Drugs used via microdrops: 
amino-phosphono-valeric acid (APV); 6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX); 
and tetrodoxin (TTX). ImM APV, ImM CNQX or 10 pM TTX were dissolved in 
normal saline. A 10 to 100 dilution is assumed with microdrop application (Reece and 
Schwartzkroin, 1991).
Drugs used via perfusion, with specific concentration unless otherwise stated: Kynurenic 
acid (KA, 1 mM); y-amino-butyric-acid (GABA, 100 pM); bicuculline methiodide (BMI, 
10 pM); 6,7-Dinitroquinoxaline-2,3-dione (DNQX) (2 pM); dimethylsulfoxide (DMSO) 
(2 pM); and/or APV, 50 pM were dissolved in normal saline and added to normal ACSF 
for perfusion; choline chloride replaced sodium chloride in some experiments (124mM); 
cobalt (C och—lOmM ) was added to ACSF which contained no phosphates or sulfates 
and pH balanced to 7.4; control experiments with no phosphate or no sulfate ACSF 
showed no differences when compared to normal ACSF. Picrotoxin (PTX) was
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prepared fresh by first dissolving it in alcohol and then adding it to the ACSF. The 
final concentration of alcohol was below 0.2%.
Stimulation and Recording
The stimulating electrode was made of a bipolar tungsten electrode coated with glass 
except at the tip.
Stimulation: Brain slices and whole collicular preparations
Bipolar sharpened tungsten electrodes were used to stimulate the optic tract in slices 
and the optic nerve in the whole collicular preparation. More immature tissue required 
a slower rate o f stimulation (0.03 - 0.45 Hz for square pulses of 0.02 - 0.2 ms duration 
unless otherwise noted) but stimulus strengths were similar to that used in slices and in 
vivo ( 0 - 80V) (Mark et al, 1993b) . In several experiments, monopolar stimulation 
via a suction electrode was also used to improve stimulation o f the optic nerve; similar 
rates and amplitudes were used with a longer duration.
Stimulation: In vivo preparations
The contralateral optic nerve was stimulated using bipolar tungsten electrodes (1 mm 
between tips) inserted through the cornea and placed close to the optic nerve head, 
after surgically opening the eye lid. Supramaximal square current pulses (0.6-0.85 mA, 
0.3 ms duration) were applied once every 30 - 33 s.
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Antidromic Stimulation: whole collicular preparations
In the case of antidromic stimulation, the bipolar tungsten electrodes were inserted into 
the superficial layers of the lateral colliculus or LGN. The stimulating electrode 
Supramaximal stimulation intensity (2-9 mA, 0.03 ms duration, square current pulse) was 
used.
Recording: Slices and whole collicular preparations
Borosilicate glass micropipettes ( < 1 MQ) filled with 1 M NaCl were used to record 
evoked potentials from the superior laminae of the SC.
Recording: In vivo
A craniotomy of 1mm diameter was drilled in the skull directly above the superior 
colliculus. The dura was removed and a small piece of tissue paper soaked in paraffin oil 
was used to cover the opening. Glass microelectrodes, with the tips broken back to give 
a resistance of around 0.5-2 MQ when filled with 1M NaCl, were used for recording. 
The recording site was marked with pontamine sky blue pressure injected from the 
recording electrode (for rat only). Additional holes were drilled if different locations of 
the colliculus were to be sampled.
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Antidromic Recording
Optic nerve compound action potentials (CAPs) were recorded antidromically from the 
contralateral optic nerve after stimulating the superior colliculus. If poor responses were 
obtained, the recording electrode was moved towards the optic chiasm and the 
stimulating electrode moved to a more rostral location in the colliculus, closer to the 
lateral geniculate nucleus. The CAP was recorded using a glass microelectrode filled 
with 1M NaCl (tip resistance about 2 MQ).
Data Acquisition for CAPs
The signal (response to each stimulus) was amplified using a Axoclamp 2A amplifier 
(Axon Instruments). Activity was recorded and displayed using the Axotape software 
(Axon Instruments). Traces were also digitized (Neuro-corder DR 890, Neuro DATA 
Instruments, New York, NY) and recorded on videotapes for later analysis.
Data Acquisition for collicular potential
Voltage waveforms (responses to each stimulus) were filtered at 1 kHz during recording. 
Analog data was digitized at 2 - 10 kHz sampling rate by 12-bit Tecmar Labmaster A/D 
boards with use of COLLECT program (Small Systems Software Innovations) on 
standard 286 personal computers. Data were further displaced and analyzed as 
individual traces and averages with MATLAB (Mathworks, Inc.). Amplitudes were
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calibrated from 1 mV or 100 pV calibration pulses included with each trace (unless 
otherwise stated ).
Recording Paradigm
Evoked potentials were recorded as follows: (a ) slices — sequential recordings were 
made at uniform depths at equidistant points along a line perpendicular to the tangent at 
the pial surface of the slice; and (b) whole collicular preparation — sequential recordings 
were made at depths increasing in units of 50-200 p at one point in the lateral SC. This 
lateral approach permitted penetration of the collicular layers sequentially; the approach 
also allowed earlier detection of activity since the highest synaptic density in both the 
young rat and pouch young wallaby is found intermediolaterally (Johnston et al, 1995).
Measurements of conduction velocity
Both slices and collicular preparations were treated as a two-dimensional surface where 
the thickness of the tissue under consideration was disregarded. Furthermore, retinal 
axons within the colliculus were assumed to project linearly along the rostro-caudal axis 
o f the colliculus. Conduction velocity was based on time shifts in potentials in 
recordings made at two points selected along the rostro-caudal axis. Electrodes were 
moved between points by a manipulator calibrated to ± lp.
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Varying Temperatures
Whole collicular preparation of both rat and wallaby tissues were selectively recorded 
under different temperatures from 25 - 37° C.
A nalysis
Reversing Field Potentials
As mentioned in Chapter 1, the superior colliculus is composed of seven alternately 
fibrous and cellular laminae. In general the collicular cells have a tree-like structure. 
Durung neuronal activity, ionic currents flow through cell membranes. Viewed from the 
extracellular space on a macroscopic scale, these currents are spatially and temporally 
localized phenomena that can be detected by a clear signature in the field potentials by 
the existence of a negative-going wave, a positive-going wave or a combination o f both.
Thus, any reversing field potentials recorded (a negative-going wave on the surface 
followed by a positive-going wave) in the SC for a given penetration of different depths, 
upon the stimulation of the optical input, are indicative of synaptic activity. This is 
because the reversing potentials are widely regarded as being generated by excitatory 
synaptic potentials on collicular cells with synapses concentrated on the superficial 
dendritic tree, the deeper cell body acting as the corresponding current source (see Fig 
3). In this thesis, a current source density (CSD) profile refers to evoked potentials
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recorded in the SC which yield reversing field potentials (that is, a negative-going wave 
recorded on the surface of the SC that turns to a positive-going wave at greater depths).
Current Source Density Analysis
Current source density (CSD) analysis provides a tool to correlate field potential 
recordings with activity of neuronal ensembles, by calculating the locations of current 
sources and sinks (see Mitzdorf, 1985 for a review). These currents are inward currents 
(sinks) or outward currents (sources) and are the physical causes of the field potentials 
(Mitzdorf, 1985).
In brief, a set of evoked responses was collected at regular depth intervals. At each 
depth, the averaged field potential was filtered digitally with a low-pass Butterworth 
filter with a cutoff frequency of 100 Hz.
For each point in time, the potentials were interpolated and smoothed with a one 
dimensional version of a thin plate spline function (Wahba, 1990). This produces, at 
each time-point, the curve which minimises a hybrid cost function consisting of the 
residual sum of squares between data values and fitted curves, plus a smoothing 
parameter (lambda) times the bending energy, defined as the square of the second 
derivative integrated over depth. The parameter lambda adjusts the degree of smoothing 
of the interpolation: a value of zero gives the classical cubic spline interpolation, while in 
the limit for a large lambda, the interpolation tends towards the least-square regression 
line. A value of lambda can be selected which conserves the large scale features of the
2-12
data while suppressing variation which is localized in space. This interpolation technique 
does not require regularly spaced data points. Interpolated response are calculated for a 
regular sequence o f depth values at five times finer depth resolution than the original 
data.
The relative CSD is then computed as the negative o f the second differences over the 
depth o f the interpolated responses, divided by the square o f the interpolating depth step- 
length, to give values in units o f millivolts per square millimeter. Furthermore, since it is 
assumed that there is uniform resistivity o f the tissue over depth, the true CSD (in units 
o f milliamps per cubic millimeter) could be estimated by dividing the relative CSD with 
the resistivity o f the tissue in ohm-millimeters. Given that the focus o f this thesis is on 
the distribution o f CSD in time and space, this last step was not used. Moreover, the 
work o f Rodriguez and Haberly (1989) done in experimentally defined changes in tissue 
resistivity in the opossum piriform cortex bears no effect in the timing o f CSD estimates 
and minimum effect on intensity
Histology: In vivo rat
Pontamine sky blue (1 %) was added to the 1M NaCl solution, used in the recording 
borosilicate glass micropipettes, for marking the recording site. After each recording, 
selected sites o f interest were marked with potamine sky blue pressure injected from the 
recording electrode. Upon the completion o f recording, the animal was decapitated and 
the head was fixed by immersion in 4 % paraformaldehyde for 24 hours. The brain was 
then dissected and the SC sectioned coronally at 50 jam using a virbratome, to locate the
2-13
recording site in unstained sections. A series of alternate sections were counter stained 
with 0.025 % thionin.
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CHAPTER 3: RESULTS
This chapter is devoted solely to the findings of experiments done in rat and 
wallaby. In order to have a sense of comparison between the two species, results 
obtained from rat experiments will be presented first, followed by wallaby.
RAT
Brain slices were used in a preliminary investigation. This in part enabled one to 
capitalize on the comparative advantage of employing current source density 
profiles in the laminar structure of the SC in order to determine the presence of 
functional synapses in the colliculus at any given age.
Slice Preparation
Based on the information given in Table 1 of Chapter 1, the silent period (that is, 
the duration between structural connection, E 16, and functional connection, P 10) 
in the rat retinocollicular pathway is noticeably long, as it occupies between 40.5% 
and 57.1% of the caecal period, the period between conception and eye opening 
(see Dreher and Robinson, 1988, 1989 for detailed studies. Gestation for rat: 21- 
23 days and eye opening is on P 14). Such lack of activity during a time frame 
when axonal eliminations are taking place in the topographically inappropriate 
zones (Simon and O’Leary, 1992) is just inconceivable, particularly if neuronal 
activity plays an important factor in the refinement of retinotopic map (Goodman
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and Shatz, 1993). Parasagittal slices from the rat SC were used for investigation of 
neural activity during this silent period.
Post Eye Opening
Recordings were made from parasagittal slices taken from 6 animals aged between 
P 14 and P 35 (where P 14 is day of eye opening) in the form of evoked potentials 
elicited in the superficial layers of the SC by stratum otpicum stimulation. These 
potentials were multiphasic (P 35, Trace 1 of Fig 4). Kynurenic acid (KA), a non­
specific glutamate blocker, blocked the slower potentials (P 35, Trace 2 of Fig 4). 
At P 17 (Fig 5), where APV, a NMD A receptor blocker, and CNQX, a non- 
NMDA receptor blocker, were applied. Both reduced the fast and slow 
components of the evoked potential. This suggests that synaptic potentials have 
fast and slow components and both NMDA and non-NMDA classes of glutamate 
receptor are contributing to all components of evoked potentials. At P I4, there 
was a clear reversal of evoked potential starting with a predominant negative-going 
wave at the surface of the SC and turning to a positive-going wave at the depth 
between 200pm and 250pm from the surface (Fig 6). The detection of reversal of 
evoked potentials with depth is a clear signature of the presence of functional 
synapses, as reported in the SC brain slices o f guinea pig (Okada and Miyamoto, 
1989).
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Control
Fig. 4 Effects of kynurenic acid (ImM), an inhibitor of 
synaptic activation via glutamate receptors, in a P35 rat bain 
slice.
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Fig. 6 Reversing potentials from a P 14 rat brain slice. 
Waveform from recordings made at 50 |im depth intervals. Each 
trace shown is an average of five sweeps at a stimulation interval 
of 33.3 seconds.
Neonate to PI 0
Simple waveform potentials were recorded from these young slices of 10 animals 
aged P 2 to P 7. The evoked potential taken from P 5 was substantially blocked 
with cobalt, a calcium blocker (Trace 2 of Fig 7). And at P 2, part of the slow 
component in the evoked potential was eliminated with the application of KA (Fig 
9) and similarly, at this same age there was a negative-going potential recorded at 
the surface of SC and reversed to positive-going wave at the depth between 200 
pm and 300 pm (Fig 8).
Preliminary Indication
Based on the experimental findings using brain slices, there seems to be a clear 
parallel between the evoked potentials elicited from tissues after eye opening (P 14 
) and those before P 10 (note: P 10 is the earliest onset detected in vivo, see 
Molotchnikoff and Itaya, 1993). So, does this imply that there are neural activities 
mediated by axonal conduction as well as by neurotransmitters both present and 
active during the so-called silent period as mentioned earlier? If this assertion is 
true then the preliminary findings in brain slices seem to suggest that neuronal 
activities could take place in the SC in the early neonatal stage. However, one may 
argue that the discrepancy, between the findings obtained from in vivo and brain 
slices in vitro, is largely due to the inherent differences in a reduced form (brain 
slices) versus whole intact animals. One of the most likely factors could be due to 
potentials generated by back propagation into the SC brain slices; and in addition, 
there is also a problem of uncertainty on the source of afferents in these slices.
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Fig. 9 Effects of kynurenic acid (1 mM) , an inhibitor of 
synaptic activation via glutamate receptors, in a P 2 rat brain 
slice.
Need for a new approach
In the light of these concerns, there was a geniune need for designing an 
experiment to capture the unique features of brain slices -- which is relatively at 
ease for various drug applications on the tissue and the convenience of knowing 
the sites of recording, without the need of subsequent and additional verification. 
At the same time, the souce of afferents to the developing SC can be clearly 
established and identified. Thus a novel in vitro whole collicular preparation (Fig 
1) was developed to address all these requirements for this critical developmental 
time window.
Rationale for the choice of the time window
It is evidenced that neural activities are detectable in the early neonatal stage in the 
SC using brain slices, thus the early observation made on silent period should 
therefore deserve an re-examination. Furthermore, as already mentioned in 
Chapter 1, the SC receives retinal input to its superficial layers where the retinal 
afferents have been demonstrated to arrive at the contralateral SC as early as E 16 
in the rat (Bunt et al, 1983). Thus, an attempt was made to investigate tissues 
between E 14 and P 3 so as to capture the onset of neural activities in the 
retinocollicular connection.
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Why use extracellular recording and pharmacological agents?
Extracellular recording was chosen over unit recording or intracellular recording 
for the following considerations. Individual cells of similar types would differ 
greatly in size during development, and in general, the size of individual cells in 
developing animals are smaller than those found in adults. These two factors imply 
that the likelihood of recording from a single cell in the SC that will respond to 
retinal input is relatively low and this could result in a null response, and hence may 
lead one to misinterpret in the actual timing for onset issue.
Pharmacological agents were employed as an additional screening tool to identify 
and verify the various synaptic components under study.
Whole collicular preparation
Recordings were made from the mediolateral SC of a whole collicular preparations 
(with a pair of centrally intact optic nerves) taken from 91 rats aged between E 14 
and P 3 of the responses to stimulation via a pair of stimulating tungsten electrodes 
were placed at the contralateral optic nerve. With this configuration, issues such as 
the source of afferent in this system is well established and the possibility of 
antidromic activation of collicular neurons is either minimised or eliminated.
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Neonatal P  0 - P 3
Potentials which reversed sign with increasing depth in the colliculus were 
frequently receorded became more frequent after birth. The occurrence of 
potentials reversing in polarity from negative-going on the surface to positive­
going further from the pial surface (n= 5 of 8 on P 0) (Fig 10). In those cases that 
did reverse, the evoked potential showed a smaller initial wave that did not reverse.
The initial non reversing potential must therefore be generated by currents moving 
in a different plane, for example parallel to the direction of optic nerve fibres. Such 
a pattern can be explained as the first wave being due mainly to axonal action 
potentials in the optic nerve fibres and the later source-sink pair being produced by 
synaptic potentials on the superficial dendrites of collicular neurons. KA blocked 
the slower potentials as would be expected for a glutamate-mediated synaptic 
event (Fig 11).
Substitution of choline for sodium (Fig 12) completely blocked the potentials. So 
did cobalt, a calcium blocker (Fig 12). These blocks were rapid and reversible. 
And when 100 mM GABA was added to the perfusion bath, it reduced the 
amplitude of the potential (Fig 13).
Prior to birth: Embryonic days 1 8 - 21
In several experiments potentials were composed of multiple components with the 
addition of slightly longer latency wave that could last as long up to several
3-6
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Fig 10 Reversing potential from a whole collicular preparation of 
a P 0 rat. Waveform recordings made at 50 pm depth intervals.
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Fig 11 Effects of kynurenic acid (1 mM) , an inhibitor of 
synaptic activation via glutamate receptors, in a whole collicular 
preparation of a P 0 rat..
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Fig. 13 Effects of GABA (100 pM) on a whole collicular 
preparation of a P 0 rat. GABA reduces the amplitude of 
response.
hundreds ms. Conduction velocities of the fast component showed no significant 
change, remaining at 0.1 - 0.2m/s. As early as E 18, slower potentials could be 
recorded at sites from rostral to caudal colliculus. The waves were negative-going 
at the rostral colliculus changing to positive-going at the far caudal end, as has 
been descrided in previous developmental studies (Freeman et al, 1997).
At E 18, there was a clear absence of reversal in the potentials elicited from the SC 
at different depths. On the other hand, there was a gradual but distinct change in 
the waveform of the potential recorded from E 20 onwards at different depths (Fig 
14). The slow component was gradually becoming positive-going between 200 
pm and 300 pm from the surface on the rostrolateral pole of the SC. These 
patterns bore a close resemblem of those observated at P 0.
Choline blocked the potentials in a reversible manner, as did cobalt for all 
animals(n=16, choline and n=14, cobalt) between E 18 and E21 (Fig 15). GABA 
also reduced the response amplitude as it did at neonatal ages. However, the 
reduction of amplitude was significantly more pronounced on the slower 
component o f the potential (Fig 16).
KA, a non specific glutamate blocker, was applied to the bath. There was no effect 
shown at E 18 (Fig 17) but there was a change at about days 19 and 20. The 
evoked response was now composed of two phases, an initial rapid component, 
which was slightly attenuated, and a later slower component which was selectively 
blocked (Fig 18). This suggests that the second but not the first component was 
due to entirely synaptic action mediated by glutamate.
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Fig. 14 Reversing potential from a whole collicular preparation o f an E 
20 rat. Waveform recordings made at 200 pm depth intervals
E 18 E 20
Control
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Fig. 15 Pattern of responses and the effects of inhibitors of nerve conduction at 
various ages on evoked potentials from the rat whole collicular preparation. 
Each trace is an average of 5 sweeps taken at 1 stimulus/33 seconds.
El 8: choline substitution and cobalt addition both block all responses.
E20: responses are larger and brisker than at El 8 but the effects of choline and 
cobalt are the same as E 18.
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Fig. 16 Effects o f GABA on the rat whole collicular preparation. GABA(100 
pM) reduces the amplitude o f response both at E 18 and E 20.
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One may argue that KA, being a non specific glutamate blocker, may not be 
sensitive enough to block off response recorded from animals whose development 
is at the threshold of the onset of synaptic activity. As a precaution, selectively 
tissues from E 18 to E 20 were pretreated in ACSF with 10 |uM bicuculine (BMI) 
to eliminate or minimize all inhibitory input. And more specific glutamate blockers, 
APV and DNQX, were added to the bath. On day E 20, the second component 
was again reversibly blocked thus further confirming that this is mediated solely by 
glutamatergic transmitters (Fig 19). The first component, at this age, therefore 
includes or is uniquely generated by potentials assocaited with the conduction of 
impulses in the optic nerve. The second component would be caused by synaptic 
potentials from collicular neurons contacted by optic nerve synapses. The 
developmental sequence of the appearance of glutamate receptors before birth, as 
revealed by the systematic use of pharmacological agents, was not investigated.
Embryonic days 14- 17
No evoked potentials were elicited in the SC in the whole collicular preparations 
for animals obtained from E 14 to E 15. To ensure that these tissues were not of 
poor condition, thus not yielding a response to the stimulation of optic nerve, 
spinal cord tissues taken from the same E 15 embryons were systematically 
subjected to the same treatment and showed evoked responses to stimulation (Fig 
20). Such evidence strongly indicates the viability of nervous tissues at this age 
under this preparation.
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On E 15-16, retinal afFerents have been shown anatomically to arrive in the SC 
with synapses forming a day later ( Bunt et al, 1983), this was the first day (at E 
16)when collicular potentials could be recorded (Fig 21). The evoked potentials 
were very small, 40 pV, and could be elicited only the most rostral portion of the 
colliculus. This agrees with the pattern of axonal distribution seen histologically at 
this age. The potentials were of the form of a simple negative-going wave best 
recorded just below the surface of the colliculus, corresponding to the position of 
the stratum opticum where the optic nerve fibres run. The waves became smaller 
as the recording site was moved across the colliculus but did not change in form or 
polarity.
At E 17, the intact colliculus preparation yielded evoked potentials from the rostral 
1/3 of the length of the colliculus in half of the embryos tested (Fig 22 and 23). 
Potentials did not reverse with depth at this age. Replacement of sodium with 
choline in the bathing fluid resulted in a complete block of the potential which 
recovered quickly on washout (Fig 22). Similar effects were observed by adding 
cobalt ions (Co++) to the bath (Fig 22). However, application of KA, a glutamate 
blocker, to E 17 tissue (Fig 23) produced a similar observation as seen on E 18. In 
contrast to E 18, bath application of GABA did not yield any detectable change in 
the potential generated by E 17 (Fig 23). Conduction velocity was 0.2 m/s and did 
not change significantly from this age to birth. Although the tissue appeared fragile 
to the point of transparency and potentials recorded were small (39 - 90 mV), they 
were consistent and could be elicited by short duration (0.02 - 0.2 ms) stimuli of 
threshold 40 - 80 V. Stimuli of longer duration, 1 msec, permitted lower voltage
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thresholds of stimulation. These results, taken together, are compatible with an 
axonal origin of the evoked potentials, with as yet no contribution from synaptic 
activation of collicular neurons.
Other general observations
The whole collicular preparation was viable for recording for extended periods of 
time ( > 12 hours at 25°C ). However a most striking characteristic in these tissues 
of the immature projection was the low frequency of stimulation that had to be 
used in order to maintain responsiveness without progressive reduction in 
amplitude; 0.03 - 0.04 Hz, that is 1 stimulus every 25 - 33 sec, were a standard 
protocol. Under these operating environments, evoked potentials could be 
recorded for a sufficiently long time to allow various drug applications and 
recovery. On the other hand, if higher frequencies of stimulation were used, the 
reponses became smaller and disappeared completely and one could easily infer 
that there was no response elicited at all.
Comparartively speaking, most notable features of the responses elicited from 
these slightly older, but still fetal animals (E 18 to E 21) were the larger amplitude, 
ability to follow higher rates of stimulation, and emerging multiphasic nature of the 
potential. Evoked potentials were seen in tissue from nearly all animals examined. 
Amplitudes increased with age within this late fetal period indicating rapid 
development with respect to those from day E 16 and E 17.
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Effects of treatments on conduction in the optic nerve
In order to evaluate the effects of certain drugs on the axonal volley itself, 
recordings were made from the optic nerve while stimulating the colliculus or the 
optic tract. As is shown in Fig 24 both choline substitution for sodium or the 
addition of cobalt resulted in a reduction in amplitude and an increase in latency of 
the compound antidromic action potential followed by a complete block in the case 
of choline or an almost complete block for cobalt. These effects were reversible. 
Similar small changes in latency of orthodromically elicited responses, leading to 
complete block, had been noted previously. Since the recording was from the 
severed end of the isolated optic nerve all effects would be on nerve conduction. 
The conclusion is that conduction of the action potential may be blocked by either 
choline substitution or cobalt addition and that all effects of these two treatments 
on orthodromically elicited responses were due to interruption of axonal 
conduction, not to interference with synaptic action. Such effects may in fact 
occur but would be masked by conduction failure.
Summary of in vitro results: brain slices and whole collicular preparations
Two general observations can be made, they are: (i)There is a parallel between 
results obtained from animals at post eye opening age and neonatal age in brain 
slices. And (ii) the results obtained with brain slices also bear a close parallel to 
those found in the whole collicular preparations.
a) Evoked potentials could be detected in the brain slices obtained from the SC of 
animals as young as P 2. In addition, this response could be blocked in a
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reversible manner with KA, a non-specific glutamate blocker. And there was a 
clear reversal of polarity in the recorded potentials with depth.
b) Brain slices of P 15 or older, when it is indisputable that at this age there is a 
clear presence of functional synapses in the retinocollicular pathway since the 
eye opening took place on P 14, a clear reversal of polarity in the potentials 
with depth was observed. With the separate application of APV and CNQX, 
both glutamate blockers, it was observed that both the fast and slow 
components of the elicited evoked potentials were reduced in both cases.
c) The similarities of the results, observed in brain slices of animals between the 
post-eye opening age and the neonate, suggest that it is very likely that 
functional connection of the retinocollicular pathway is in place as young as P 2 
or earlier.
d) Turning to the findings in the whole collicular preparation, potentials could be 
elicited as early as E 16 but effects of application of KA could only be detected 
on E 20. And it was at E 20, that both a reversal of polarity of potentials with 
depth and the reversable block of the slow component in the potentials by APV 
and DNQX took place.
e) Evidence from experiments, utilizing sodium replacement and cobalt block on 
severed end of the optic nerve, supports the idea that both sodium ions and 
calcium ions are involved in axonal conduction.
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f) Taking all above mentioned results together, it is logical to conclude that retinal 
axons innervating the superior colliculus can conduct impulses following 
electrical stimulation from the moment the axons reach their target on E 16; and 
subsequently, the onset of glutamatergic mediated synaptic transmission occurs 
on E 20.
Needs to re-examine in vivo
Based on the in vitro results stated above, the silent period would be reduced to 
between 10.8% and 11.4% of the caecal period in the rat retinocollicular pathway. 
In other words, these in vitro findings would translate into a difference of a factor 
between 3.75 - 4.25 of identical findings in vivo within the critical caecal period. 
This huge factor variation (a gap of 11 - 13 days) cannot be overlooked, 
particularly as this difference occurs within such a critical developmental time 
window (in a sense of visual development). One of the logical options to resolve 
the problem at hand is to re-examine in vivo the functional development of the rat 
retinocollicular pathway.
In vivo Preparations and Results
A series of in vivo experiments were conducted in 12 rats between P 0 and P 11 to 
address the onset of synaptic transmission in the retinocollicular pathway.
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Control experiments: Older than P 10
Molotchnikoff and Itaya (1993) have shown that electrically evoked responses in 
the SC can be detected at P 10. Fig 25 shows evoked potentials recorded from a P 
11 animal in vivo. The response appeared with a constant latency and was 
composed of a biphasic potential when the recording electrode penetrated the 
cerebral cortex. The delay of this response was 43 ms (measured between the 
negative peak and the onset of the stimulus artifact).
As the electrode was advanced into the underlying SC, an additional negative 
potential, with a shorter latency of 32 ms, appeared (arrow in Fig 25, left column, 
4th trace). The polarity of both peaks was reversed when the electrode was moved 
further into the SC (arrow heads in Fig 25, left column, 6th trace). Dissection 
made after the electrical recordings confirmed that the electrode was at the level of 
the rostral colliculus.
Findings prior to P 10: Neonates
Recordings were made in three P 0 animals. No reliable response was recorded 
partly due to pulsations and instability of the brain.
On day P 1 and P 2, at this stage of development, the caudal border of the cerebral 
cortex has not extended to cover the SC. Optic nerve-evoked potentials could be
3-14
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Fig. 25 Recordings of optic nerve-evoked potentials in the neonatal SC in 
vivo. The number on the right of each trace indicates the depth (in pm) of the 
recording electrode from the dorsal surface of the cerebral cortex (PI 1) or the 
superior colliculus (P1-P2). Each trace is the average of 10 sweeps. The 
arrow (in the left column) indicates the appearance of another negative peak 
when recording was made at 600 pm from the surface. The arrow heads show 
reversal of response polarity as the electrode was moved into the deeper 
layers of the SC. Such reversal in response polarity is illustrated in the P2 
preparation (open arrows in the middle column). Scale bars represent 50 ms, 
100 pV for P 11 and P2, and 200 pV for P 1.
elicited as early as P 1. Figure 25 illustrates sample records obtained from a P 2 
and P 1 animals (middle and right columns).
At P 2, the response recorded in the superficial layers of the SC was characterised 
by a fast positive going potential followed by a more prolonged negative potential. 
The polarity of this late potential became positive when the electrode was 
advanced into the deeper laminae (open arrows in Fig 25, middle column). The 
delay of the negative peak, recorded at 200 jim, was 56 ms. The recording site 
was marked by a pressure injection of pontamine sky blue from the recording 
electrode. Fig 26A shows a section through the SC where pontanime sky blue 
labelled cells could be seen. The electrode track could also be observed in the 
adjacent counterstained section (Fig 26B).
At P 1, the response recorded in the surface of the SC had a similar profile to those 
observed in the P 2 preparation, although the delay was longer (63 ms; Fig 25, 
right column, 1st trace). However, the evoked potential diminished as the 
recording electrode penetrated into the deeper layers and reversal was not 
observed. Similar response profiles were observed in other P 1 and P 2 
preparations. The elicited evoked potentials of other animals aged between P 3 
and P 8, however, continued to show a distinct current source density profile — a 
negative-going wave on the surface of the SC and a positive-going wave as the 
recording electrode penetrated with depth.
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Fig. 26 A. Coronal section through the superior colliculus ( a P 2 rat) 
showing cells labelled by pontamine sky blue deposited by the recording 
electrode. B. The alternate section counter stained with thionin. The 
arrow indicates the electrode track. C. A camera lucida drawing showing 
a dorsal view of the brain. The position where sections in A and B were 
taken from is indicated by the dotted line. The hatched area indicates the 
region of pontamine labelled cells. Scale bar represents 500 pm for A 
andB.

CSD analysis
The contour plots in Fig 27 compare the relative CSD as a result of optic nerve 
stimulation in the P 2 and P 11 animals illustrated in Fig 25. At P 2, there was only 
one major sink-source pair (represented with solid and dotted lines, respectively), 
with the locus of the sink occurring at the depth o f about 250 pm from the dorsal 
surface of the SC.
Such an appearance of current sinks and sources was also apparent in the P 11 
preparation although the distribution became more complex. The first sink (arrow 
A in Fig 27) with a latency of 32 ms may represent the optic nerve-evoked 
monosynaptic response in the SC. The second sink (arrow B in Fig 27) had a 
longer latency and appeared in depth between 300 to 400 pm from the surface of 
the cortex. The lack of a corresponding current source suggests either that the 
path of transmembrane current flow does not align with the track of the recording 
electrode or that the response is recorded passively from nearby cortical regions. 
The third sink (arrow C in Fig 27), with a longer latency of 41 ms, was located at a 
similar depth to the first sink but it spread into the deeper layers of the SC. This 
may represent indirect input to the SC from the visual cortex as described in the 
developing wallaby retinotectal system (Freeman et al, 97). Histological studies in 
the rat indicate that the corticotectal pathway is established by P6.5 (Thong and 
Breher, 1986).
The reversal of field potential polarity with depth of recording has been observed in 
the developing and mature SC in rabbit (Spear et al, 1972), wallaby (Freeman et al,
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1997), and pigeon (Stone and Freeman, 1971). Such a distribution in current flows 
suggests that the active ionic current at the site of synapses (current sink) is 
balanced by a current that leaves the cell at more distant membrane sites (current 
source), probably within the deeper layers of the superficial laminae. A reversal 
would only be observed when the electrode transversed these two regions as it 
penetrated the SC. Therefore, the reversal observed in the P 2 preparations implies 
that a clear distinction between synaptic and nonsynaptic locations has already been 
established by this age.
Discrepancy between in vivo and in vitro
Taking all the in vivo results together, there was a similarity observed between the 
evoked potentials elicited at different depths in the SC from P 11 and P 2. (And 
the CSD profile from P 1 1 itself is an objective reference point or benchmark for 
functional synaptic connection, since P 10 has been established by Molotchnikoff 
and Itaya (1993) as the onset of functional connection in vivo). The similarities 
between P 2 and P 11 animals were further confirmed by relative CSD analysis. In 
contrast, there were distinct differences in the CSD profiles obtained from the P 1 
and P 2 animals. In short, all these results suggest that optic nerve impulses are 
being conducted to the SC by PI in vivo. However, the onset of synaptic 
transmission could be detected in the retinocollicular pathway as early as P 2 in 
vivo.
Using P 2 as the day of onset for synaptic transmmission in the retinocollicular 
pathway in vivo would mean that the corresponding silent period will be reduced
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to 18.9% - 25.7%; from 40.5% - 57.1% calculated when P 10 is considered as the 
functional onset. In spite of the huge drop in percentage, however, the timing is 
still different from the in vitro findings by a factor of 1.65 - 2.37. The next 
question is : Why is there this variation between the two preparations?
Focusing on the optic nerve
There may be many factors that would account for the discrepancy between in vivo 
and in vitro results regarding the onset of synaptic transmission in the 
retinocollicular pathway. However, in the work of this thesis, an attempt was 
made to investigate factors associated with the optic nerve, the input component of 
the system under study. This focus has the advantage of avoiding the complexity 
of dealing with interneurons within the developing SC.
Clues from previous work: the GABA factor?
Simmonds (1983), Nistri and Sivilotti (1988), and Sakatani et al (1991a, 1992) 
have shown the inhibitory effects of GABA in the optic nerve of neonatal rat and 
frog. In neonatal rat optic nerve, Sakatani et al (1992) has demonstrated further 
that the GABA(A) receptor-mediated depolarization and attenunation of 
compound action potential (CAP) amplitude was age dependent. In these 
experiments, nipecotic acid, a GABA uptake inhibitor, was used to study the 
endogenous release of GABA during development. According to their findings, the 
effect of nipecotic acid on the membrane depolarization and attenuation of CAPs 
which is very pronounced at P 5 but is abolished by P I 5. It is therefore established
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that the presence and the inhibitory effects of GABA in the developing optic nerve 
is observed in rat pups as young as P 5. On the basis of this information, the issues 
are: Is there a possible role for GABA in the development of the retinocollicular 
pathway? And, if so, at what age will one be able to detect the onset of the 
GABAergic effect in the developing optic nerve?
Effects o f GABA on prenatal tissues
Recordings from the whole collicular preparation while stimulating the optic nerve 
clearly suggested that there was a total absence of GABAergic effect prior to E 18. 
However, there was a noticeable effect on the evoked potentials elicited at the 
colliculus on E 18 and older (see Fig 16 and 23). But one could argue that these 
results were obtained orthodromically; and moreover, that it was the slow 
component in the E 18 case that was reduced substantially by GABA. In short, the 
GABAergic effects observed so far could all take place in the colliculus post- 
synaptically.
In order to address these various issues, a series of in vitro experiments using 
whole collicular preparations with intact optic nerves were conducted, using 
animals between E 18 and P 5. Recordings were made from the optic nerve while 
stimulating the colliculus or LGN. Since the recording was from the severed end 
of the isolated optic nerve all effects would be on nerve conduction. Moreover, 
the advantage of this approach minimised the possibility of unnecessary 
complications arising from trauma or insults due to further subdivision of the tissue 
under investigation.
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The optic nerve factor
CAPs evoked by stimulating the superior colliculus were recorded in 25 
preparations from animals aged between E l8 and P5 (Fig 28). A low stimulation 
rate (l/30s) was used to avoid conduction failure. In some older preparations, a 
multimodal waveform was recorded, probably due to different conduction 
velocities. A large variation in amplitude, measured between the first negative and 
positive peak (arrows in Fig 28), and in the range of 100 - 900 pV, was observed 
between preparations of the same age. The addition of GABA suppressed this 
potential by about 40%. Fig 30 summarizes this attenuation of CAP after bath 
applied GABA (ImM) in E l8 to P5 preparations. It was apparent that the efficacy 
of this GABA-mediated blockade of axonal CAP increased with development. The 
delay of the CAP showed no change in prenatal animals (t-test, p>0.05, n=10), but 
increased significantly by 21% in postnatal preparations (t-test, p<0.05, n= 5 
between P2 to P5) when ImM of GABA was used.
In order to determine the receptor subtype that is involved in this attenuation, 
bicuculline, a GABA(A) receptor antagonist, was applied to the preparations. In 
Fig 30A, the attenuation of axonal conduction was suppressed with 100 pM of 
GABA in a reversible manner. Co-application of GABA and bicuculline (both 100 
pM) resulted in no reduction in the amplitude of the compound action potential. 
Fig 30B summarizes the effect of GABA (100 pM) on postnatal preparations. The 
amplitude of CAPs was reduced to about 60%. When bicuculline was co-applied 
with GABA, the normalized amplitude remained at 100%. In a similar manner,
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Fig. 29 Effects o f GABA on the amplitude o f axonal compound 
action potential in developing rat optic nerve during development (E 18 
- P 5). Each symbol represents the normalized amplitude obtained from 
individual animals 30 mins after bath application o f the drug.
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application of picrotoxin and GABA, both at the same concentration of 100 pM, 
cause only a 30% reudction in action potential (n=2, data not shown). All these 
results suggest the attenuation of CAP was mediated through a GABA(A) 
receptor-linked pathway.
To examine the possibility that the reduction of CAP amplitude was the result of an 
increase in stimulating threshold after bath-applied GABA, the CAP amplitude was 
recorded at various stimulation strengths below the supramaximal level in two 
postnatal preparations. Fig 30C shows the response amplitude versus stimulation 
intensity curves under control and bath-applied GABA conditions. With bath- 
applied GABA, the attenuation of CAP amplitude was similar in proportion at 
different stimulation intensity, giving rise to a reduction in the slope of the curve. 
The absence of lateral shifting in the response-stimulation intensity curve suggests 
that the GABAergic attenuation of CAP amplitude is not a result of a local 
increase in stimulation threshold.
Next the effect of GABAergic suppression on axonal conduction was examined 
when the impulse traffic was deliveried at a higher rate. Twin pulse stimulation at 
intervals between 10 to 30 Hz was used. In order to obtain a consistent 
comparision between the effect of GABA and stimulation frequency, the amplitude 
of the test pulse was normalized with respect to the control obtained at low 
stimulation rate (l/30s) in normal ACSF (Fig 31). In both pre- and postnatal 
groups, the amplitude of the test pulse showed a graduated reduction of 10 to 30% 
when stimulation rate increased from 10 to 30 Hz in normal ACSF. In the prenatal 
group, addition of GABA (ImM), further reduced the test pulse amplitude by
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another 40% (Fig 32). In the postnatal group, the addition o f ImM o f GABA 
often abolished the response o f the test pulse (data not shown). A lower 
concentration o f GABA was therefore used for this group. A similar trend was 
observed with a reduction o f about 20% in test pulse amplitude at a stimulation 
rate between 10 to 30 Hz. This indicates that axonal conduction in optic nerve 
axons at these developmental stages is subject to further suppression in the 
presence o f GABA when impulse traffic rate is high.
In the final part o f this study, the question o f whether the effect o f endogenous 
GABA can be detected using the present experimental system was addressed. This 
was done by testing o f the effect o f bicuculline (10 jiM) on the axonal conduction 
at various developmental stages. An increase in action potential amplitude was 
observed mainly in postnatal preparations (Fig 33). The averaged increase in 
amplitude was 122% ± 9% (mean ± SE, n=10), pooled from postnatal results. This 
was significantly different from control results (t-test, p<0.05, n=10) suggesting 
that an effect o f endogenous GABA activity is detectable in postnatal preparations. 
However, the addition of picrotoxin (100 uM) did not produced any significant 
enhancement. The discrepancy between the effect o f bicuculline and picrotoxin 
was not examined further.
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Summary of rat optic nerve results
The results mentioned above suggest:-
a) A pre-synaptic GABA mediated mechanism is present in the retinocollicular 
pathway as early as E 18.
b) An effect of endogenous GABA is detectable in vitro by P 4- 5 by the action of 
bicuculline.
c) GABA is serving a neural suppression role in this developing tissue by 
attenuating both low and high frequency impulses.
d) There is a temporal relationship between the onset of synaptic transmission and 
the switching on of a GABA filter in the retinocollicular pathway in 
development.
e) The presence o f the GABA mediated suppression may mask the detection of the
onset of axonal conduction and synaptic activity under different experimental
paradigms.
Need and Criteria for other species
The apparent time gap observed in the onset of synaptic activity between in vivo 
and in vitro studies could be due to the technical limitation in the extracelluar 
recording in vivo. That is, the absence of a reversal at PI may not be sufficient to 
indicate the lack of postsynaptic response. Any misalignment of the current dipole 
with the path of the electrode could result in a non-reversing field potential. If this 
is the case, the difference between in vivo and in vitro results is artifactual.
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Another possibility, however, is that developmental events may take place too fast 
in the rat for one stage to be seen to follow another in the proper sequential order.
In addition, there are other issues requiring consideration, such as: (a) the time lag 
between the detection of axonal conduction and the onset of synaptic transmission; 
and (b) the discrepancy between in vivo and in vitro results. Are the findings 
peculiar to rats? This question can only be answered by selecting for study of an 
animal which develops more slowly, so that the sequence of developmental events 
can be easily identified.
The tammar wallaby is, perhaps, one of the few species that meets these criteria. It 
is born in a markedly immature state followed by protracted development in the 
pouch. This means one can conduct recording in an intact animal while it is still in 
the embryonic stage-equivalence of an eutherian mammal.
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WALLABY
In the tammar wallaby, the percentage of silent period in the retinocollular pathway 
is observed to occupy about 20.8 - 21.1% of its caecal period (based on Table 1). 
Given that the main objective for the experiments in the wallaby is to ascertain the 
degree of parallelism with respect to the rat and to elucidate some of the unsettling 
developmental events mentioned above, an attempt was made to follow the 
protocol used in the rat experiments as closely as possible.
Brain Slices
Recordings were taken from parasagittal slices from 10 animals of three distinct 
age groups, namely: (a) post eye opening (PY 140 or older, PY 140 is the day for 
eye opening); (b) between PY 40 and PY 60; and (c) between PY 20 and PY 35. 
(Note: PY 39 is the day of onset for functional connection in vivo, see Pearce and 
Mark, 1997).
Post Eye Opening
As in the rat, recording electrodes were placed in the superficial layers of the SC 
and stimulating electrodes at the stratum opticum. Distinct multiphasic potentials 
were observed from these tissues (Fig 34). On the surface, the negative going 
wave was less pronounced with respect to those observed in the rat, although, 
there was a clear reversal in polarity of potentials as the recording electrodes
3-25
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Fig. 34 Reversing potentials from a PY 142 wallaby brain slice. 
Waveform from recordings made at 100 pm depth intervals. Each trace 
shown is an average of five at a stimulation interval of 33.3 seconds.
penetrated the colliculus. Furthermore, the distinct positive going wave was still 
observed even at 900 pm from the surface of the colliculus
It was observed that both the fast and slow components of the potentials elicited 
from the colliculus slices were reduced when separate applications of glutamate 
blockers, APV and CNQX, were added to the bath (Fig 35). And as in the rat, 
there was a more distinct effect with CNQX than APV as a glutamate blocker, for 
animals in this post eye opening age group.
Prior to Eye Opening: PY 40 - PY 60
In this age group, although where the eyes of animals are still closed, there were 
clear evidence of synaptic activity detected in the colliculus slices.
At PY 41, evoked potentials were showing a clear reversal from a negative-going 
waveform on the surface to a positive-going waveform at 450 pm from the surface 
(Fig 36).
At PY 59, separate drop applications of glutamate blockers, APV and CNQX, to a 
colliculus slice, reduced the amplitude of the evoked potentails (Fig 37).
Neonates prior to PY  39 ( PY 20 - PY  35)
Wave forms recorded from these young slices were comparatively simple than 
those obtained from those animals with eyes opened. Evoked potentials taken
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Fig. 36 Reversing potentials from a PY 41 wallaby
brain slice. Waveform from recordings made at 150 m depth 
intervals. Each trace shown is an average o f five at a 
stimulation interval o f33.3 seconds.
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from PY 30 and PY 22 were either totally or substantially blocked with cobalt, a 
calcium blocker (Fig 38 & 39). And at PY 30, the potential was totally blocked 
with TTX, a sodium blocker.
A clear reversal in polarity of potentials took place between 150 pm and 250 pm 
from the surface of the colliculus was observed on PY 22 (Fig 40), as in the rat 
colliculus slices.
Preliminary Indications from Wallaby Slices
The preliminary results suggest that the likelihood for the onset of synaptic 
transmission in the wallaby could well take place prior to PY 39. This is supported 
by the close parallel between the evoked potentials elicited from three distinct age 
groups of animals: (a) those older than PY 140 ( that is, post eye opening age 
group), (b) those between PY 40 and PY 60, and (c) those younger than PY 39. 
Other than the similarities observed in their responses to various drugs and CSD 
profiles in all the wallaby collicular, these results were also found to be parallelled 
to those obtained in the postnatal rat slices (P2 and older). This would also imply 
that the silent period for the tammar wallaby is shorter than the earlier estimate, 
based on Table 1.
Rationale for the choice of time window
Selection of the age range of animals to be investigated are based on the following 
criteria: (a) Ding & Marotte (1996) have clearly established that retinal afferents
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Fig. 40 Reversing potentials from a PY 22 wallaby brain slice. 
Waveform from recordings made at 50 pm depth intervals. Each 
trace shown is an average of five at a stimulation interval of 33.3 
seconds.
reached the superficial layers of the contralateral colliculus as early as PY 4; (b) 
indicative syanptic activity could be detected in animals as young as PY 20 (as 
revealed in its CSD profile in collicular slices); and (c) the strong correlation 
between the findings in the rat and wallaby slices. It is, therefore, logical to choose 
animals ranging from as young as PY 4 to those well above PY 20.
Wallaby collicular preparation
In line with the similar concerns as expressed in the studies of rat slices, an 
identical approach using whole collicular preparation was taken in the wallaby. 39 
animals aged between PY 4 - PY 36 were used to investigate on the onset of 
axonal conduction and synaptic transmission.
PY 26-P Y  36
Clear indications of synaptic activity was evidenced for this age group. The 
occurrence of reversing polarity, starting with negative-going wave on the surface 
and changing to a positive-going wave as the recording electrode penetrated 
deeper in the SC, could be observed from the rostral pole to the most caudal pole 
along the entire lateral belt (Fig 41, PY 26).
Application of glutamate blockers, DNQX and APV, to the bath clearly blocked 
off the slow component of the evoked potential at PY 26 (Fig 42).
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As expected, identical observations were made on PY 35 when separate 
applications of CNQX and APV, were added to tissue. The slow component of 
the potential was attenuated (Fig 43).
Interestingly, developmental studies done in histology by Ding and Marotte (1996) 
in tammar wallaby may have a bearing on the earlier detection of synaptic activity 
under the in vitro preparartion. They have shown that between PY 26 and PY 36, 
there was a 10-fold increase in the number of ganglion cells in the retina that 
project contralaterally to the SC compared those animals 10 days younger.
P Y 1 5 - P Y 2 0
The distribution of synaptic activity was observed to be less extensive in the SC in 
comparison to those older animals ( PY 26 - 36) as indicated by the CSD profile 
(see Fig 41).
The amplitude of the potential was reduced with the application of KA, an inhibitor 
of synaptic activation, to the bath and subsequently the amplitude was resumed 
with normal ACSF at PY 15 (Fig 44).
At PY 20, the extent of reversal in polarity in the evoked potential recorded in the 
SC was only consistently observed across the rostral 3/4 of the colliculus along its 
lateral belt (Fig 41, bottom left). And in the 1/4 caudal pole, positive-going waves 
were recorded on the surface of the colliculus (figure not shown).
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P Y 12 - P Y 14
Distinct reversal in polarity from negative-going waveform to positive-going 
waveform was recorded at the most rostral half of the SC along the lateral belt at 
different depths. However, the potential turned to a negative-going wave between 
the rostral 1/2 and rostral 3/4 of the length of the colliculus and finally the potential 
was changed completely to positive-going waveform by the 3/4 mark from the 
rostral pole. Thereafter, no response was detected in the last 1/4 caudal pole length 
of the colliculus (Fig 41, top right and top left). This gradual change of waveforms 
which started with a typical CSD profile at the rostral pole of the colliculus then 
turned to a negative-going wave followed by a positive-going wave as the 
recording electrode moved towards the caudal pole of the colliculus was also 
reported by Freeman et al (1997) in the developmental studies of wallaby in vivo.
At PY 12, reversal of polarity from negative to positive waveform was detected 
between 200 (am and 300 j.im from the surface in the rostral half of the colliculus 
along the lateral belt (Fig 45). Similar to those observed in the older tissue, the 
slow component of the evoked potential was totally blocked with the application of 
APV and DNQX to the bath (Fig 46).
Thus far, the blockage of the slow component of the potential was only 
consistently observed when APV was co-applied with DNQX. To ascertain as 
whether NMDA receptors are playing a role at this stage of development, a 
preparation from PY 14 was transferred to magnesium-free (Mg-free) ACSF (this
3-30
Surface
100pm
200pm
300pm
200 pV
Fig. 45 Reversing potentails from a whole collicular 
preparation of a PY 12 wallaby. Waveform from recordings 
made at 100 pm depth intervals. Each trace shown is an 
average of five sweeps at a stimulation interval of 33.3 
seconds.
Control
Wash (BMI)
25 ms
Fig. 46 Effects of APV and DNQX on a whole collicular preparation of 
a PY 12 wallaby. Sequence of drugs applied to the tissue: (1) normal 
ACSF; (2) bicuculline (10 pM) was used to eliminate the local 
GABAergic inhibition and this concentration was maintained for 
subsequent tests; (3) APV (50 pM); (4) DNQX (2 pM) and (5) washed 
with ACSF containing bicuculline. The first component is spared and the 
second, slower component is abolished by DNQX.
would enhance the role of NMDA channels as magnesium would otherwise 
blocked them at resting membrance potential). The effect of Mg-free ACSF was 
clearly shown, with respect to those in normal ACSF, as a slow but distinct 
component lasting from 50 ms to well over 200 ms in the potential. This distinct 
and long lasting component was totally blocked by APV. When DNQX was 
added, the second slow component was blocked from a twin-peak potential (Fig 
47).
P Y 4 - P Y 9
For this age group, evoked potentials small in amplitude (between 80 - 110 jTV) 
yet visible, were detected in the rostral 1/4 length of the colliculus. But no reversal 
in polarity of the potential was observed at different depths.
At PY 4, the amplitude of potential attenuated from 80 jaV to 20 |TV as the 
recording site moved from the most rostral pole to the rostral 1/4 length of the 
colliculus and thereafter no response was detected (Fig 48).
On PY 9, a w-shaped twin-peak waveform was observed in the potential under a 
low frequency stimulation (1 in every 33 s) and this turned to an v-shaped negative­
going waveform as the stimulation rate increased to 1 in every 3.3s. Similarly, its 
corresponding amplitude was reduced from 110 piV to 90 |TV; and a further 
reduction down to 45 |TV was observed when the rate of stimulation was increased 
to 1 in every 1.1s (Fig 49). Despite the attenuation in amplitude with increasing
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Fig. 49 Evoked potentials obtained from a whole collicular 
prepration of a PY 9 wallaby. Stimulating electrodes placed at the 
optic nerve entry with recording electrode penetrates the SC. The 
amplitude of evoked potential is negatively correlated to the rate of 
stimulation.
rate of stimulation, no effect was detected when APV and DNQX were added to
the bath (Fig 50).
Pharmacological control fo r  possible artifact
Gathering all the existing findings in the wallaby, there is a strong line of evidence 
suggesting a disparity between the in vitro vis-a-vis the previously established in 
vivo findings on the onset of synaptic activity. An additional precaution was taken 
to eliminate any possible artifact by using similar and related pharmacological 
agents to investigate their effects on (a) the retinocollicular pathway, and (b) the 
axonal conduction in the optic nerve by antidromic stimulation.
Given that dimethylsulfoxide (DMSO) was the basic solvent used for DNQX, the 
question was then: Could the effect observed in the evoked potential be induced by 
DMSO rather than by DNQX?
To test this, DMSO (with identical dosage of DNQX used in the experiments of 
whole collicular preparation, 2 pM) was added to a PY 12 preparation and no 
effect was observed (Fig 52). But another equally, if not more important, issue 
remains: Was DNQX acting on the axonal conduction rather than postsynaptically?
To check for this possibility, a recording electrode was placed at the optic nerve 
while stimulating the contralateral SC. With this configuration, only a 
presynaptically generated evoked potential could be recorded.
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Bath application of DNQX to the preparation in this configuration did not yield 
any change to the potential (Fig 52). In contrast, as shown in Fig 53 & 54, both 
choline substitution for sodium or the addition of cobalt resulted in a reduction in 
amplitude and an increase in latency of the action potential. This was finally 
followed by a complete block in the case of sodium or an almost complete block by 
cobalt. These effects were reversible.
Summary o f in vitro findings
A few general observations can be made, (i) There is a close parallel among results 
obtained from animals of three different distinct age groups namely: (a) post eye 
opening (older than PY 140), (b) pre eye opening (between PY 40 and PY 60), 
and (c) those younger than PY 39 (where PY 39 was established as the day of 
onset for synaptic activity in vivo, Pearce & Mark, 1997) in the brain slices, (ii) 
Moreover, this parallelism was also observed in the findings between brain slices 
and whole collicular preparations.
a) A clear reversal of polarity in recorded potential with depth was observed in 
brain slices of animals older than PY 140. And this same phenomenon was also 
detected in animals as young as PY 22.
b) CSD profiles were detected in the rostral-lateral pole of the colliculus in the 
whole preparations from tissue as young as PY 12; and by PY 26, the CSD
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Control (BMI)
Wash (BMI)
150 pV 
25 ms
Fig 52 Effects of DNQX (2 pM) on the optic nerve of a wallaby 
whole collicular preparation. Recording from a PY 22 optic nerve 
with stimulation in the superior colliculus, no effect is observed.
Control (BMI)
Choline
Wash (BMI)
Fig. 53 Recording from the optic nerve of a PY 22 wallaby 
with stimulation in the superior colliculus. Choline (124 mM) 
blocked the evoked potential while increasing latency in this 
recording from optic nerve which should be purely non-synaptic.
Control (BMI)
Cobalt (lOmM)
h L ^ ^ d /A  Wash (BMI)
100 pV
12.5 ms
Fig. 54 Recording from the optic nerve of a PY 15 wallaby with 
stimulation in the superior colliculus. Cobalt (10 mM) blocked the 
evoked potential while increasing latency in this recording from 
optic nerve which should be purely non-synaptic.
profiles were detectable along the lateral belt at the caudal pole of the 
colliculus.
c) APV and DNQX, glutamate blockers, when added to the bath selectively 
blocked the second slow component of the evoked potential at PY 12 but had 
no effect at PY 9. This suggests that the second but not the first component 
was entirely due to synaptic action mediated by glutamate at PY 12; whereas at 
PY 9, both components were mediated by axonal conduction.
d) Axonal conduction was detectable in the rostral pole of the colliculus as early as 
PY 4.
e) Choline substitution for sodium or the addition of cobalt, blocked the potential 
recorded and increased its latency when recording was made from the optic 
nerve while stimulating the colliculus.
f) Putting all these findings together, it is clear that the onset of axonal conduction 
can be detected on the very day that the retinal axons reach the contralateral 
colliculus on PY 4; and subsequently, the onset of glutamatergic mediated 
synaptic transmission takes place by PY 12.
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More than Coincidence ?
Given that the onset of synaptic activity occurs at PY 12 in vitro instead of PY 39 
as obtained from previously reported in vivo findings, the silent period is reduced 
to 4.76% - 4.8% of the caecal period in the wallaby retinocollicular pathway.
Parallel Re-examination of in vivo and in vitro
The identical results obtained for the rat and the wallaby raised the possibility that 
there may be an artifact created by the in vitro experimental paradigm. To test this 
possibility, six animals aged between PY 25 and PY 49 were subjected to the usual 
in vivo investigation under anaesthesia but were then decapitated for a whole 
collicular in vitro recording.
In vivo findings
A distinct reversal of polarity in the evoked potential, starting with a negative­
going wave and gradually changing to a positive-going wave with depth, was 
noted for both PY 49 (Fig 55) and PY 39 (Fig 56).
However, there was a clear absence of a CSD profile for those younger than PY 39 
and consistently a negative-going waveform was recorded at the different depths of 
the SC (Fig 57).
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PY 49
0.25 mV 
50 ms
Fig. 55 Reversing potentials from the superior colliculus of a PY 
49 wallaby in vivo. Recordings were made at 100 pm depth 
intervals as indicated by the number on the right of each trace. 
Each trace shown is an average of five sweeps at a stimulation 
interval of33.3 seconds.
lOOjLxm
400jam
700pm
1000jam
13 00 jam
1600jam
1900jam
200jaV 
50 ms
Fig. 56 Reversing potentials recorded from the superior 
colliculus of a PY 39 wallaby in vivo. Recordings were at 300 
pm depth intervals. Each trace shown is an average of five at a 
stimulation interval of33.3 seconds.
PY 32
0 jam
100 jLim
200 jam
300 jam 
400 jam 
500 |am
600 jam
0.25 mV 
50 ms
Fig 57 Potentials from the superior colliculus of a PY 32 
wallaby in vivo. Waveform from recordings made at 100 
pm depth intervals. Each trace shown is an average of five 
sweeps at a stimulation interval of 33.3 seconds. No 
reversal of potential is detected at different depths of the 
colliculus.
In vitro findings
In contrast, a distinct CSD profile was recorded from the SC of the six animals 
between PY 25 to PY 49 when studied in vitro condition (after the in vivo 
investigation).
As shown in Fig 58 & 59, a negative-going wave was recorded on the surface and 
a positive-going wave was observed between 600 pm and 750 pm from the surface 
for PY 49 and a similar phenomenon was noted at 400 pm from the surface for PY 
32.
In addition, the evoked potential recorded in the SC of PY 29 was substantially 
attenuated when KA, a glutamate blocker, was added to the bath (Fig 60).
Gap between in vivo and in vitro
Having subjected the same cohort of animals to both in vivo and in vitro 
experiments, the findings on the onset of synaptic transmission in the 
retinocollicular pathway were found to be consistent with those experiments done 
independently and they further supported the the gap or discrepancy between the 
two experimental paradigms.
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su rface
150 pm
300 p m
450  p m
600 pm
750 p m
900 jxm 
0 25 m V
50 ms
Fig. 58 Reversing potentials from the superior colliculus of 
a whole collicular preparation of a PY 49 wallaby. 
Waveform from recordings made at 150 pm depth intervals. 
Each trace shown is an average of five sweeps at a 
stimulation interval of 33.3 seconds. This same animal was 
subjected to in vivo recording earlier.
100 um
200 jam
400 jum
500 jim
0.15 mV 
50 ms
Fig. 59 Reversing potentials from the superior colliculus of a 
whole collicular preparation of a PY 32 wallaby. Recordings were 
made at 100 pm depth intervals. Each trace shown is an average 
of five sweeps at a stimulation interval of 33.3 seconds. This 
same animal was subjected to in vivo recording earlier where no 
reversal was observed.
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Possible Factors
Anaesthesia Factor
Under the standard protocol used in all the in vivo experiments, animals were 
anaesthetised by an initial intraperitoneal injection of ethyl carbamate (Urethane, 
Fluka AG) 20% w/v at a dose of 1.0 ml/ 100 g body weight. And additional 
anaesthesia was administered with 1/4 of the original dose given intraperitoneally 
each half hour, 2 to 4 times and thereafter when needed. One could argue that one 
of the possible effects of using ethyl carbamate on animals was that it may 
desensitize the evoked potential and thus it could mask the detection of CSD 
profile in younger animals in vivo. As shown in Fig 61, however, when the 
concentration of urethane added to the bath was 100 folds that of the 
concentration used in vivo, and yet the amplitude of the evoked potential was 
enhanced by 20%. Thus, it is unlikley that the absence of CSD profile in animals 
younger than PY 39 could be accounted by the anaesthesia factor.
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Temperature Factor
The standard temperature used in in vitro preparations was 25°C whereas for the 
in vivo experiments, body temperature was maintained at 37°C. Could the 
difference in temperature account for the disparity in the results of the two 
experimental paradigms?
Fig 62 (right) shows that the amplitude of evoked potentials at 25°C was at least a 
40% attenuation with respect to the corresponding potential elicited at 37°C. This 
implies that the evoked potential was comparatively more sensetive at 37°C than at 
iower temperatures. Moreover, the latency versus temperature (see Fig 62 left) did 
not show any abnormality, at least for the range of temperatures of concern, that 
were used in both experimental paradigms. In all likelihood, temperature alone will 
not explain the disparity observed in the two experimental paradigms.
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GABA Factor on Optic Nerve
Five animals of known age between PY 9 and PY 26 were used to study the 
possible role of GABA in the optic nerve during development. As in the rat, CAPs 
were recorded from the optic nerve while stimulating the colliculus. Rationale for 
the age selection of these animals was based on the earlier findings in the 
corresponding investigation in the developing rat optic nerve, where GABA(A)- 
mediated filter was switched on at the onset of synaptic activity in the 
retinocollicular pathway.
The effect of bicuculline, a GABA(A) receptor antagonist, has clearly shown that 
the amplitude of CAPs was enhanced by at least 40% (see Fig 63) with respect to 
its corresponding control (under normal ACSF) for animals aged PY 15 or older, 
whereas there was no change detected at PY 9 (Fig 63). Similar observations were 
made even with a 10-fold increase in drug dosage, where there was a minimum 
45% enhancement in the potential for animals aged PY 15 or older but consistently 
no change noted at PY 9 (Fig 64).
The focus then was to examine the effect of increasing doses of bicuculline on the 
amplitude of CAPs under different rates of stimulation, for animals of different 
ages. Amptitudes of CAPs were all normalized to the amplitude of the animal 
concerned, stimulated at 1 in every 33s in normal ACSF.
PY 9
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As shown in Fig 65, there was no change o f amplitude observed, be it in normal 
ACSF or with four different doses (1 pM, 5 pM, 10 pM, 50 pM) o f bicuculline, as 
long as the tissue was stimulated at 1 in every 33s.
There was a 20% - 27% attenuation in the amplitude o f CAPs once the rate o f 
stimulation was increased to 1 in every 1.1s, even when the preparation was kept in 
normal ACSF. But this attenuation was reduced to 0% - 67% when different 
doses o f bicuculline were added, even when the rate o f stimulation was increased 
to 1 in every 1.1s (Fig 65).
P Y 15
The amplitude o f CAPs was consistently within the range 5% attenuation or 5% 
enhancement when the tissue was stimulated at an increasing rate up to 1 in every 
1.1s, as long as the preparation was kept in the normal ASCF (see Fig 66).
However, there was at least an enhancement o f 120% in the amplitude with respect 
to the control once bicuculline was added to the preparation through bath 
application, as long as the rate o f stimulation was maintained at 1 in every 33s (Fig 
66).
As different doses o f bicuculline were applied to the preparation, there was an 
enhancement o f between 75% to 135% in the amplitude o f CAPs, even i f  the rate 
o f stimulation was increased.
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Fig. 65 Effects of different dosages of bicuculline (1 pM, 5 pM, 10 pM, 50 pM) 
with different rates of Stimulation (l/33sec; 1/11 sec; l/3.3sec; and 1/1.1 sec) on the 
optic nerve of a PY 9 wallaby. The amplitude of the compound action potential 
under bath application of different dosages of bicuculline and under different rates 
of stimulation is normalized with respect to the control under normal ACSF and 
stimulated at one in every 33 seconds.
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Fig. 66 Effects of different dosages of bicuculline and different rates of Stimulation on 
the optic nerve of a PY 15 wallaby. The amplitude of the compound action potential 
under bath application of different dosages of bicuculline and under different rates of 
stimulation is normalized with respect to the control under normal ACSF and stimulated 
at one in every 33 seconds.
PY 26
There was a gradual attenuation observed, dropping from 15% to 45% in the 
amplitude as the rate of stimulation was increased from 1 in every 33s to 1 in 
every 1.1s, while the tissue remained in normal ASCF (Fig 67).
In sharp contrast, an enhancement of between 41% - 117% in the amplitude was 
observed for the constant rate of stimulation (1 in every 33s) as long as the 
increasing doses of bicuculline were maintained.
On the other hand, there was no attenuation in the amplitude observed as the rate 
o f stimulation was increased, as long as bicuculline was added to the bath, even 
when the concentration was kept as low as 1 pM.
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Fig. 67 Effects of different dosages of bicuculline and different rates of stimulation on 
the optic nerve of a PY 26 wallaby. The amplitude of the compound action potential under 
bath application of different dosages of bicuculline and under different rates of stimulation 
is normalized with respect to the control under normal ACSF and stimulated at one in 
every 33 seconds.
Summary of the wallaby optic nerve results
Despite the limited samples used in this study, one could clearly see the effect of 
GABA acting on the optic nerve through GABA(A) receptors. In short, one also 
noted the following.
(a) A GABA-mediated mechanism is present in the retinocollicular pathway 
between PY 9 and PY 15.
(b) Endogenous GABA acting through GABA(A) receptors is detectable in vitro 
by PY 15 in the presence of bicuculline.
(c) There is temporal relationship between the switching on of a frequency 
sensitive GABAergic mechanism in the optic nerve and the onset of synaptic 
transmission in the wallaby retinocollicular pathway.
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CHAPTER 4: DISCUSSION & CONCLUSION
Correlation with histology
Electrophysiologically, the potentials evoked by the stimulation of the optic nerve 
were first recorded in vitro on E 16 in rat and PY 4 in wallaby in this present study. 
This is earlier than the previously recorded in vivo findings in both rat and wallaby 
(Molotchnikoff and Itaya, 1993; Pearce and Mark, 1997). However, these earlier 
times fit well with the developmental anatomy. According to a study using 
horseradish peroxidase labeling conducted by Bunt et al (1983) in developing optic 
nerve fibres, optical fibers were identified on the tectal plate contralateral to the 
injected eye at E 16 in the rat. And in a similar study conducted in the wallaby, Ding 
and Marotte (1996) showed that the first retinal axons were first seen to reach the 
rostral pole of the contralateral colliculus at PY 4.
Interpretation: Axonal Conduction
Retinal axons can conduct impulses following electrical stimulation from the moment 
the axons reach their targets. Whether or not the growing axons can conduct prior to 
this is hard to discern. This is largely due to the fibers being very small and hence 
having high electrical thresholds at the younger ages, making them difficult or 
impossible to stimulate. At best, stimulation could only produce extremely small 
extracellular currents, thus making their recording next to impossible. In addition, the 
inability of young axons to sustain high rates of stimulation and the need for low 
stimulus repetition rates imply that averaging would become increasingly unrewarding
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for the young tissues. There is a high degree of consistency in the conduction velocity 
measured from both rat and wallaby with that of unmyelinated axons of small 
diameter. The measured velocity is well within the range of 0.1 - 0.2 m/s from E 17 
to P 0 for rat and from PY 15 to PY 30 for wallaby confirming the findings of Foster 
et al (1982).
Conduction is completely blocked by replacing extracellular sodium with choline in 
both rat and wallaby preparations. This would strongly suggest for a sodium- 
dependence of axonal conduction in the early stage of development. Based on the 
recording from the optic nerves of a P 0 rat, Foster at al (1982) reported that there 
was no role for any ion other than sodium in the depolarisation phase of axonal 
conduction of the optic nerve. They used barium substitution to search for a 
component of the action potential dependent on divalent cations and found no effect. 
In the present study, bath applications of cobalt have blocked calcium and similar 
effects to those of choline were observed at all ages from E 17 to P 3 and from PY 4 
to PY 36 for rat and wallaby, respectively. And in the course of blockage by choline 
replacement or bath application of cobalt, an increase in latency other than the 
attenuation in amplitude of the evoked potential was also observed simultaneously. 
This identical phenomenon is seen when antidromic conduction is blocked and the 
recording is made at the cut end of the optic nerve where any contribution to the 
recorded potential from intracerebral sources is totally eliminated. Slowing of 
conduction from a nerve indicates that the number of channels carrying inward current 
for action potential has been reduced. On the other hand, there was no change or 
increase of latency in the blockage of the synaptic response evoked later in 
development by glutamate antagonists or receptor blockers. Such agents had no
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effect on the antidromic action potential. Thus, it is clear that both sodium and 
calcium ions may play an active role in the inward current of the optic nerve action 
potential from the onset of conduction up to P 3 in rat and PY 36 for wallaby, as 
commonly noted in immature neurons (Spitzer, 1979).
Interpretation: Synaptic Activity
Between E 18 and E 20 in the rat, the form of evoked potential changes from a simple 
negative-going wave to a multiphasic with a fast early component and a distinct slow 
wave. Potentials that reversed in polarity from negative-going on the surface to 
positive-going with increasing depth were found from E 20 onwards. Current source 
density profile revealed a superficial sink and deeper source for the latter part of the 
response. Such a pattern is indicative of the local origin of the potentials which in the 
colliculus would be generated by synaptic potentials of collicular neurons. This is 
further evidenced and shown consistently both at P 14 collicular slice (at the day of 
eye opening) and also at P 11 in vivo of which the latter was reported by 
Molotchnikoff and Itaya (1993) is a day well after they had first detected synaptic 
activity in the SC in vivo.
At the same time, a distinct blockage effect by kynurenic acid on the slow component 
of the evoked potential was only noticeable at E 20 and not earlier. A similar effect 
was also noted in P 35 and P 2 collicular slices. Moreover, the slow wave in 
particular becomes susceptible to the application of specific glutamate blockers, 
DNQX and APV, only from E 20 onwards and consistently a similar effect has also 
been shown in P 17 slice.
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In contrast, the change of waveform is less subtle from PY 9 to PY 12, possibly due 
to the protracted development in the wallaby. Despite the dropping off in the first 
component and the attenuation in the amplitude of evoked potential under high 
frequency, there is no blockage observed with various agents acting on glutamate 
receptors at PY 9. This, however, changes quite drastically from PY 12 onwards as 
potentials reversed in polarity from negative-going on the surface to positive-going 
with increasing depths. This same reversal phenomenon was exactly in line with those 
seen in collicular slices at PY 142 ( two days after eye opening) and PY 41 (two days 
after Pearce and Mark (1997) reported the onset of synaptic transmission in vivo). 
The small but detectable asynchrony along the time axis between the negative-going 
and positive-going waves observed in the whole collicular preparations and collicular 
slices is largely due to a slight distortion in the laminated structure of SC which may 
not be well-maintained in the supported brain in vitro. It is on PY 12, the slow wave 
is observed to be susceptible to the block by various agents acting on glutamate 
receptors, APV and DNQX, just as in the rat. This ties in well with observations 
made in collicular slices from animals aged PY 40 or older where similar blockage is 
taking place. Moreover, DMSO, a basic solvent used for DNQX, does not bring 
about any effect for PY 12. In view of the concurrent effect by glutmate blockers and 
the presence of reversal in polarity of the potentials as well as the non effect of 
DMSO at PY 12 plus the inactive role of DNQX on the axonal conduction in 
antidromic recording even at later age, it can be argued well for the onset of synaptic 
activity to be taking place at PY 12.
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In both rat and wallaby, there appears to have two distinct phases in the development 
of their functional connectivity. They are namely: (i) axonal conduction is detectable 
in the colliculus as soon as the retinal afferents reach the contralateral SC on E 16 and 
PY 4 in the rat and wallaby respectively and (ii) the onset of synaptic transmission, 
which takes place at E 20 and PY 12. In other words, there is a waiting period 
between the axonal conduction and the synaptic activity. The significance and 
possible functional roles of this waiting period remain to be explored.
Is the waiting period real?
Although it has been well established that synaptic transmission can be recorded in 
developing targets before synapses are even evident in electron microscopical sections 
(Dennis et al, 1981; Dennis 1981; Rubin, 1985a,b,c), release of neurotransmitters 
from these immature terminals or growth cones is different from more mature 
terminals. For the former, the release is infrequent and the quantal content is lower 
(Lo et al, 1991; Broadie and Bate, 1993). Consequently, the differential in the 
amplitude of evoked potentials would be reduced so that changes may not be 
detected. If this is the case in the present study, the observed waiting period could be 
an artifact.
On the other hand, based on the available data in the quantitative synaptogenesis 
electron microscopy study conducted by Flett and Marotte (1996) in wallabies aged 
between P 28 and P 90, the density of optic synapses in a 10 p.m column through the 
retinorecipient layers of the contralateral rostral SC could be fitted with a linear 
regression line (personal communication). Extrapolation from these data would yield
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a value of 0 by PY 10 - PY 11. This evidence would clearly support the onset of 
synaptic function in the wallaby as established above.
Comparison with the onset of conduction and synaptic function in vivo
Most attempts to evaluate questions concerning the onset of function in the 
mammalian visual systems have begun at the most convenient time point for eutherian 
mammals, the day of birth. Therefore, very little is known about pre-natal function in 
the whole animal, the exceptions being the experiments of Maffei and Galli-Resta 
(1990) and Galli-Resta et al (1993) on recordings from retinal ganglion cells in late 
fetal rat pups. Even though the rat optic nerve can conduct impulses at birth (Foster 
et al, 1982) Molotchnikoff and Itaya (1993) could evoke no potentials in the superior 
colliculus in the first week of life, even by electrical stimulation of the nerve. 
However, spontaneous activity initially appeared on P 6. In a further analysis of the 
spontaneous activity in the colliculus of rat pups (Itaya et al, 1995), the onset of 
spontaneous activity was found to be slightly earlier, on day 5, and it had a rhythmical 
pattern much as does the activity of retinal ganglion cells. However, blockage of 
conduction in the optic nerve by local anaesthetic, directly applied, did not affect 
spontaneous activity in the colliculus. Either the colliculus is truly independent from 
the retina, perhaps because of impulse block in the optic nerve by some intrinsic 
inhibitory mechanism or the recordings were from colliculular interneurons or neurons 
that were, or were to become, connected to another sensory modality. The first 
synaptically driven responses to electrical stimulation of the nerve did not occur until 
P10, about the time of eye-opening. This finding is in sharp contrast to the in vivo 
results obtained in the present studies.
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Stein and his co-workers in several studies of unit activity in the new-born kitten 
superior colliculus find that visually evoked activity cannot be recorded until 7 days 
after birth (Stein, 1984). There follows a protracted period of maturation lasting 
many weeks during which the properties of the mature projection such as binocularity, 
movement and directional selectivity emerge. It is not known to what extent these 
maturational changes might be modified by visual experience. The physiological 
topography of the visual input to the superuior colliculus is similarly incomplete at 
eye-opening. In a systematic study of the superficial colliculus in urethane- 
anesthetized kittens, there was little or no spontaneous activity and no response to 
light in the period 2-5 days after birth. Between 6-8 days physiological characteristics 
of the collicular neurons were immature, as described above, but responses to light 
stimuli were in roughly the correct part of the field even though this was before the 
time of eye-opening at 9-10 days. Unit responses from the superior colliculus of 
rabbit pups could be evoked by stimulation of the optic nerve as early as P2. Many 
penetrations of the colliculus did not yield any unit responses. Also the unit responses 
were not mature, even by 8 days, when light-evoked activity was first seen (Kao et al, 
1994).
The ferret is born at an early stage of development compared with the kitten and 
evoked unit activity from the cortex is not recordable until 23 days after birth 
(Chapman and Stryker, 1993). Whether there is activity earlier than this lower down 
the visual pathway does not seem to have been investigated as yet.
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The marsupial pouch young provides a unique preparation for testing conduction and 
synaptic transmission in the developing visual pathway. In the tammar wallaby the 
first optic nerve axons to leave the eye do so when ganglion cells are recognizable 
only in the central retina, the rest of which is largely undifferentiated, and form 
connections in the superior colliculus that are retinotopically precise and electrically 
functional up to 3 months before eye-opening (Freeman et al, 1997). At what stage 
spontaneous or light evoked unit responses become recordable in the marsupial 
colliculus is not yet known. The literature on the onset of conduction and synaptic 
transmission by optic nerve axons in the intact animal is sparse but, with the exception 
o f the evoked potential study on the wallaby, the published results on rat and cat 
agree that in the intact animal the evidence so far is that the superior colliculus is quiet 
for both spontaneous and evoked unit activities from birth until about eye-opening.
Nevertheless it has been known for sometime that the developing kitten and ferret 
retina in vitro shows spontaneous activity that is presumed to come from ganglion 
cells and to depend upon cholinergic input to them. Further in vitro experiments 
using a preparation from the neonatal mouse brain that retains an intact connection 
between the retina and the diencephalon containing the lateral geniculate nucleus, 
show that spontaneous activity occuring in the retina may be recorded from geniculate 
neurons. Isolated cortical slices that are electrically responsive and capable of giving 
signs of synaptic transmission may be made from kitten brains as young as E 47, well 
before birth at E 65 (Friauf and Shatz, 1991).
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Interpretaion by CSD profile in vivo
The existence of the one-to-one correlation between the presence of functional 
synapses and the clear benchmarking of a CSD profile (that is, negative-going 
potentials recorded on the surface of collicular tissue followed by positive-going 
potentials at increasing depths) was documented in the P 11 rat, this being a day later 
than a previous study showing that electrically evoked responses in the SC could be 
detected a day earlier (Molotchnikoff and Itaya, 1993). This CSD profile is further 
supported by the similar pattern recorded in collicular slices from animals at the stage 
of eye opening (see Fig 6). This geometry is also in precise agreement with in vivo 
results on the CSD of the superior colliculus of adult cat (Freeman and Singer, 1983), 
guinea pig (King and Johnston, 1985) and wallaby (Freeman et al, 1997). Hence, 
based on this isomorphism and with that of P 2 rats, one could only conclude that the 
onset of synaptic activity in the rat retiniocollicular pathway is at P 2 in vivo.
It is likely due to differences in experimental protocol between Molotchnikoff and 
Itaya (1993) and those used in the present in vivo studies that may lead to the 
different timetable for the onset of synaptic function in the retinocollicular pathway. 
They anesthized all rat pups with diallylbarbituric acid and urethane. In addition, they 
also injected lidocaine at all cortical incision sites. In contrast, only urethane 
anaesthetic was used in the current studies, and no subcutaneous lidocaine injection 
was made at the craniotomy site. The rate of stimulation could also be another crucial 
factor. A reduction in the amplitude of evoked potential was observed when stimuli 
were applied to 0.1 to 1 Hz. As a result, the stimulation rate for all the preparations 
was kept at one in every 30s to 33s. The tips of the recording electrodes were
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intentionally broken to yield a resistance of less than 2 MD. for field recording. As 
such, no attempt was made to conduct single unit recording nor spontaneous activity 
in the colliculus.
Furthermore, one cannot be dogmatic about the day of functional onset since the 
absence of a reversal in potentials with depth may not be sufficient to indicate the lack 
of postsynaptic response. The reasons are two-fold — firstly, any misalignment of the 
current dipole with the path of the electrode could result in a non-reversing field 
potential. Secondly, because of the possible compactness in the developmental 
timetable of the rat retinotectal pathway, one may not be able to discern between 
axonal conduction and synaptic transmission from the evoked field potentials 
recorded. This being the case, will this imply that discrepancy on the onset of 
synaptic activity between in vivo and in vitro in the rat retinocollicular pathway is 
more apparent than real?
It is precisely for reasons as these that one clearly sees the advantage offered by 
alternative species such as the wallaby, being an animal that is accessible during its 
protracted development. The issue of discrepancy is shown to be real. Moreover, on 
the issue of misalignment, it is more probable to have it occur in vitro than in vivo 
because the demonstration of a reversing potential depends largely on the three- 
dimensional relationship of the tissue, especially in a laminated structure like the 
superior colliculus which may not always be well-maintained in the unsupported brain, 
in vitro. It is worth noting that in spite of this probability, the group of wallabies that 
were subjected to in vivo studies before decapitation and a continuation of the study
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in vitro consistently produced a reversing potential in the in vitro investigation but not 
in that done in vivo.
Comparability between Rat and Wallaby
The reults of the present experiments demonstrate that it is reasonable and useful for a 
metatherian marsupial, the tammar, to be used as a mammalian model and studied side 
by side with a typical eutherian mammal, the Wistar rat, for a study of early functional 
development in the retinocollicular pathway. Not a single variation can be identified 
in the development of their functional connectivity other than difference in 
developmental time frames. A comparison of all the critical developmental events 
and/or features covered in this thesis are summed up in the table below:-
4-11
Events / Features Rat Walllaby
Gestation (days) 22 28
Retinal ganglion 
cells first reach 
contralateral SC
E 16 PY 4
Detection of Axonal 
conduction from retina to 
SC ( in vitro )
E 16 PY 4
Onset of Functional 
connection from retina to 
SC ( in vivo )
P 2 PY 39
Onset of Functional 
connection from retina 
to SC ( in vitro)
E 20 PY 12
Ionic carriers involved 
in nerve conduction
sodium and calcium sodium and calcium
Neurotransmitter used in 
retinocollicular pathway
Glutamate Glutamate
The discrepancy between 
the onset of synaptic 
activity in vivo and in 
vitro (no. of days)
4 27
Silent Period as a 
percentage of Cacael 
Period (based on in vitro)
11.1% 16.1%
Conduction Velocity 
m/s
0.1-0.2 
(E  17- P 0 )
0.1 -0.2
(PY 15- PY 30 )
Technical Consideration
Given the consistent gap observed between the in vitro and in vivo experimental 
paradigms in both species, the issue is: can this apparent gap be induced by 
experimental procedures?
An examination o f the time relationship argues against this. The observed inactivation 
period o f  synaptic release from the retinal input to the colliculus between anatomical 
and functional connections for the rat is a 4-day duration (E 16 and E 20), whereas 
for the wallaby, the corresponding duration is extended to 8 days (PY 4 and PY 12). 
The onset o f synaptic transmission observed between in vitro and in vivo in the rat is
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also a 4-day gap (E 20 and P 2); and in the wallaby, it is a 27-day gap (PY 12 and PY 
39). And if indeed the in vitro / in vivo discrepancy is procedure-induced, then the in 
vitro / in vivo gap in the wallaby will be properly scaled to that of the rat. Since the 
gaps observed in the two species in no way suggests the existence of any scaling 
relationship and the difference in time-delay observed in the wallaby only reflects 
appropriately its inherent protracted developmental nature, it is therefore counter 
logical to suggest that the in vitro / in vivo discrepancy is artificially induced.
Discrepancy: Trauma -induced factor?
It has long been established that traumatic brain injury often results in excessive 
release of excitatory amino acids such as glutamate (Nieto-Sampedro et al,1983; 
Benveniste et al, 1984; Simon et al, 1984; Meldrum,1985). This suggests that the 
early detection of synaptic activity observed in the retinocollicular pathway in both rat 
and wallaby in vitro could be an artifact created by the traumatic effect of 
decapitation. While this cascade of neuronal events is probable under the in vitro 
experimental paradigm, it is counter logical to suggest that the glutamatergic- 
mediated synaptic transmission detected in vitro is solely the consequence of 
traumatic brain injury for the following reasons, (a) If the release of glutamate in the 
in vitro preparation is truly induced by trauma then why was it not possible to detect 
its presence before a certain age in both embryonic rat and pouch young wallaby when 
their optic nerves were electrically stimulated. And (b) the gradually changing profile 
for synaptic sites (as indicated by the distinct CSD profile and responses to glutamate 
blockers) across the colliculus in the wallaby with age (see Fig 41) follows closely to 
the retinocollicular projection in development as documented in the anatomical studies
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by Ding and Marotte (1996). Indeed, knowing that decapitation was likely to injure 
the brain tissue, precautions such as cooling were taken in the in vitro studies to 
minimise the excitotoxity effects of trauma as far as possible. Therefore the 
discrepancy observed on the onset of synaptic function between in vivo and in vitro is 
unlikely due to the result of trauma.
Possible candidates for the in vivo - in vitro discrepancy
The apparent gap concerning the onset of synaptic activity in both rat and wallaby 
superior colliculus in vivo and in vitro may be due to any of these several 
possibilities: the anaesthetic utilized for in vivo studies, temperature used in 
experiments, or existence of an intrinsic suppression mechanism in vivo. In the 
present studies, all these factors have been examined and yet they have demonstrated 
the capacity of the system for synaptic function in vitro well before it has been 
recorded in vivo. However, it is crucial that a distinction must be drawn between the 
phrase ‘capacity for function’ over the actual functionality seen in vivo, as it is 
possible that the two are quite different.
Anaesthetic
The use of extraneous agents such as anaesthetic used in surgical procedures for in 
vivo recording is the most obvious reason why similar potentials would not be 
observed. However, anaesthetic does not appear to be involved from the following 
line of evidence. Perfusion of the in vitro tissue with urethane, the anaesthetic used in
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the present in vivo studies of rat and wallaby, does not appear to affect recording of 
these potentials even with a concentration 100 times that used in vivo.
Temperatur e
Although potentials can be recorded at phsyiological temperatures, experiments were 
conducted at lower temperatures than normal for in vitro preparations work in order 
to extend the recording time. One would expect to see decreased occurrence of 
potentials at lower temperatures, rather than increased, due to the temperature- 
dependence of biological tissues. Thus, it is unlikely that temperature alone could 
account for this discrepancy.
Intrinsic Suppression Mechanism: GABA?
It is entirely possible that there are suppressive mechanism present in vivo which 
inhibit the onset of transmission of electrical activity until it is contextually 
appropriate. There is much circumstantial evidence to suggest that GABA may serve 
in this manner.
The inhibitory effect of GABA on axon conduction is in confirmation of the results of 
Sakatani and his co-workers (1991b, 1992) who followed up the original observations 
by Simmonds (1983) that inhibitory neurotransmitters have a depolarization effect on 
optic nerve fiber membrane well away from conventional synaptic sites. This 
sensitivity to GABA is well developed at P 5 but is virtually absent in adult (see Fig 
68, Sakatani et al 1992). Similar extra-synaptic effects linked to developmental
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source: Sakatani, K. et al (1992), Proc. R. Soc, Lond. B 247: 155-161
Fig. 68 The development timecourse of effects of GABA and nipecotic 
acid on membrane potential of developing rat optic nerve
stages are found in other long tracts such as the dorsal columns (Sakatani et al, 
1991a).
There is an increasing evidence for the multiple roles for GABA as a signal in 
developing systems in addition to its primary role in mature systems as a transmitter at 
inhibitory synapses. Besides blocking activity in a variety of developing axonal tracts, 
including the optic nerve (Sakatani et al 1991b, 1992), GABA(A) receptors and 
mRNA for a variety of subunits for GABA receptors have been demonstrated in 
immature neuronal and glial tissues (Lake, 1992; Schousboe and Redburn, 1995), 
including optic nerve (Butt and Jennings, 1994a,b). Further, GABA has been shown 
to be tonically released in the immature optic nerve (Sakatani et al, 1992). For
example, GABA depolarizes cells and induces a voltage-dependent Ca++ rise in 
immature neurons in hypothalamus (Obrietan and van den Pol, 1995) probably by 
increasing Cl" outflow due to a reversed chloride gradient present in immature tissue. 
GABA could decrease the evoked potential in immature colliculus by either or both of 
these mechanisms - binding to axonal receptors and depolarizing axons, thus 
depressing axonal transmission; or depolarizing post-synaptic cells and diminishing 
their response to presynaptic stimulation through decreased driving force for ionic 
influx.
GABA-induced attenuation of optic nerve compound action potential
Under optic nerve-evoked potential in the superior colliculus, a distinct attenuation by 
bath applied GABA from E 18 onwards was observed. It is likely that both pre- and
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postsynaptic potentials may contribute to the field response recorded in the superior 
colliculus; but GABA retains its effect in the reversed stimulation/recording paradigms 
used in these experiments. GABA most certainly acts on the axons. It may well have 
a direct role in visual development (Meier et al ,1991). A long term partial block of 
impulse transmission in the optic nerve will have implications for theories concerning 
the effect of impulse traffic on moulding the pattern o f synaptic connection in the 
primary visual pathway (Sakatani et al, 1992).
Various mechanisms may contribute to the reduction of CAP amplitude. It was 
unlikely that the threshold at the stimulation site was increased after bath-applied 
GABA. The response curve of CAP amplitude versus stimulation strength did not 
show any lateral shift after GABA application (in the sub supramaximal range, see Fig 
30C) and further increase of the stimulation above the supramaximal intensity did not 
revert the GABA-induced attenuation (data not shown). As it stands, one cannot 
distinguish the possibilities that the attenuation of CAP was caused by the reduction 
of action potential amplitude in all of the optic axons, or by a decrease in the number 
of axons that failed to transmit action potential. However, it has been shown that a 
GABA-operated primary afferent depolarization mechanism may cause chloride 
shunts and arrest impulse conduction in the dorsal columns axons (Zhang and 
Jackson, 1993). In either case, though, the reduction in CAP amplitude will result in 
an attenuation of postsynaptic responses within the optic tectum.
Findings from the present studies indicate that this GABAergic suppression of optic 
nerve conduction may function as a frequency dependent filter. At a stimulation rate 
of 20-30 Hz, CAP amplitude in neonatal preparations was reduced to about 50% in
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the presence of 0.1 mM GABA (see Fig 32), suggesting more retinal axons fail to 
transmit action potentials in these conditions. The question arises as to whether the 
developing retinotectal system will ever experience such a high rate of impulse traffic. 
Spontaneous activity of rat retinal ganglion cells was recorded from E 18 - 21 
foetuses by Galli and Maffei (1988). They showed that these ganglion cells fire in 
bursts of activity with the shortest interspike interval around 50 ms. In vitro 
recordings of spontaneous activity from the optic tract of neonatal mouse also 
indicate a bursting pattern of activity in the discharge rate, with a burst exceeding 10 
Hz (Mooney et al, 1996). Therefore, it appears that the impulse traffic rate along the 
developing optic tract during the peak of a burst discharge could approach the 
stimulation frequency used in our present study.
Sources of GABA and GABA receptor sites
It remains to be determined the source and site of GABA activity in the developing 
retinal axons. Lake (1992) could only demonstrate GABA immunoreactivity in glial 
cells, but not in axons, in both neonatal and adult rat optic nerve. On the other hand, 
GABA has been demonstrated in both neonatal axons and glia (Sakatani et al, 1992), 
and various studies have also detected GABA in adult retinal axons in a number of 
species (Roger and Pow, 1995; Wilson et al, 1996). This suggests some retinal 
ganglion cells may use GABA as their neurotransmitter. Spontaneous release of 
GABA from the developing growth cones of these GABAergic ganglion cells could 
then contribute to the level of GABA within the developing optic pathway.
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The site of GABA(A) receptors is also a contentious issue. GABA may act directly 
on the retinal axons and alter the electrical properties in a way similar to that in dorsal 
root afferent fibres (Levy, 1977). On the other hand, GABA(A) receptors may reside 
in the glial cells, and when activated could alter the immediate environment of the 
retinal axons. GABA has been shown to cause depolarization of astrocytes in culture 
and in intact neonatal rat optic nerves through GABA(A) receptors (Kettenmann and 
Schachner, 1985; Kettenmann et al, 1987; Butt and Jennings, 1994a, 1994b). It is 
unlikely that this depolarization is caused by an increase of extracellular potassium 
released from axons in response to GABA as suggested by Hosli et al (1981), since 
the responses of isolated astrocytes to external potassium and GABA were different. 
This suggests that functional GABA(A) receptors are on the astrocytes themselves 
(Butt and Jennings, 1994b). However, the effects of GABA on astrocytes do not 
preclude a direct effect on optic axons. A recent report shows that the GABA- 
induced extracellular potassium increase in the isolated optic nerve was abolished 
after neonatal enucleation (Howd et al, 1996), suggesting that the receptors that are 
involved in this response reside on the axons rather than the astrocytes. It would be 
interesting to determine whether the intracellular response in astrocytes persists after 
the elimination of retinal axons in the developing optic nerve.
GABAergic filter: Age-dependent switch
It has been shown in human that the concentration of GABA in repeated samples of 
ventricular CSF after brain trauma was in the order of 56- to 317-fold higher than 
control values (Palmer et al, 1994). The issue at hand is: Is GABA detected in the
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optic nerve merely an activation of a tissue defence reaction which tends to intensify 
the inhibition processes and increase the activity of the brain antinociceptive systems?
It is unlikely the GABA effect observed in the in vitro preparations is solely the 
reactive response to trauma. The reasons for this are—(a) under the optic nerve- 
evoked potential paradigm, there was no attentuation of the amplitude of the response 
recorded in the colliculus of fetal rats untill E 18 even in the presence of exogenous 
GABA; (b) there is a clear efficacy of GABA effects in the rat axons under antidromic 
stimulation with age. Furthermore, there was no effect when bicuculline, a specific 
GABA(A) receptor blocker, was added to the wallaby optic nerve preparation at PY 
9 but there was a 50% enhancement in tissue from the older animals. These various 
data suggest that there is an age-dependent GABA switch in the retinocollicular 
pathway.
Timing between presynaptic GABAergic filter & postsynaptic GABA in 
the colliculus-a balancing act
Both physiological and biochemical approaches document the GABA-mediated 
inhibition in the superficial layers of the rat superior colliculus which becomes 
functional after eye opening. Using collicular slices obtained from postnatal rats aged 
between P 8 to P 20, Shi and co-workers (1997) measured the frequency of 
spontaneous current (spontaneous excitatory postsynaptic current) and found that 
there was a drop in frequency at P 18 (see Fig 69A). In their investigation, they 
compared the ratio of the freqeuency of spontaneous events with bicuculline to the 
frequency of spontaneous events without bicuculline, in which a ratio of one means
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Fig. 69 Spontaneous excitatory current (sEPSC) frequencies plotted 
against the age of the slice. A) sEPSC frequencies recorded 
in 2mM M g2+ with neurons clamped at -60 mV. B) The effect 
of bicuculline methiodide on sEPSC frequency in cells held at 
-60 mV in 0 Mg2+ ACSF.
that there is no functional effect o f GABA-mediated inhibition, while a ratio greater 
than one means inhibition is taking effect. Their data suggest that bicuculline-sensitive 
inhibition is effective by P 18 (see Fig 69B). In the same study, they used an immuno­
assay for the proteins GAD, GAT-1, and GAT-3 to detect those involved in the 
GABAergic transmission in the superficial layers o f the rat colliculus. None o f the 
GABAergic proteins was present during the first week after birth, but GAD65 became 
detectable at P 12 and there was a pronounced increase o f GABA transporters by P 
19. In other studies, it has been reported that GABAergic inhibitory post synaptic 
potentials become effective only in postnatal rat tissue (Warton et al, 1990; 
Kraszewski and Grantyn, 1992), and that GABAergic synapses increase dramatically 
2-3 weeks after birth (Warton et al, 1990).
In contrast, data from the present rat optic nerve studies together with that from 
Sakatani et al (1992) point to a GABAergic effect in the optic nerve that is switched 
on by E 18 and is largely absent by P I 5. The suppression o f  axonal conduction in a 
developing nervous system is surprising, as neural activity is thought to be an 
important morphogenetic agent, playing a crucial role in the differentiation o f  
neurones and establishment o f projection patterns (Shatz, 1994). All these suggest 
that GABAergic suppression o f axonal conduction may play an important role in 
preventing excessive electrical activity between the retina and the SC when local 
inhibitory pathways are not established.
One possibility is that this suppression mechanism is to safe-guard excessive electrical 
activity between two neural centres during development. This would be important 
especially when local inhibitory feedbacks are poorly developed.
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Co-existence of Glutamate and of pre-synaptic GABA
Given that the onset of functional activity in vitro in rat and wallaby retinocollicular 
pathways are taking place by E20 and PY 12 respectively, and their synaptic 
transmission is mediated through NMDA and non-NMDA receptors, one will have to 
account for the relatively inactive roles of NMDA in the retinocollicular map 
formation despite its early existence as shown in the work of Constantine-Paton and 
her co-workers (Hofer and Constantine-Paton, 1994).
In parallel to the studies of Simon and O ’Leary (1992a) done in the histological 
development of the topographic order in the rat retinocollicular projection, 
Constantine-Paton and her co-workers (Constantine-Paton et al, 1990; Hofer and 
Constantine-Paton, 1994; Hofer el at, 1994) investigated a causal relationship 
between the establishment of retinocollicular order and the possible role o f NMDA 
receptor function during the retinocollicular map formation time period from P 0 to 
P12. They studied the temporal expression pattern of mRNA coding for various 
glutamate receptors subunits in the developing rat SC. And they have concluded that 
NMDA is only playing an active role from P 6 to P12 but nothing significant prior to 
P 6 as the levels of mRNA coding for the NMDA receptor subunit NR1 are low 
throughtout the first postnatal week.
Perhaps, a noteworthy mention at this juncture is the sequence of developmental 
events unfolded in the present studies. That is, the sequential timing between the 
effect of the GABA-mediated suppression on the amplitide of compound action
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potentials in the rat optic nerve at E 18 and the onset of synaptic function in the rat 
retinocollicular pathway at E 20. In the wallaby, there is a pronounced enhancement 
of the amplitude of compound action potentials in the optic nerve, under bicuculline 
treatment between PY 9 and PY 15 (and the onset of glutamate-mediated 
transmission to the colliculus occurs at PY 12). Then one may ask why is there a 
need for the existence of a GABAergic filter in this phase of the development when 
activity is a more desirable phenomenon?
One possible interpretation is that the role of NMD A is suppressed by the existence of 
GABAergic filter during the initial stages of the map development till the gross map is 
formed. It is possible that during the initial transient and crucial map formation 
stages, if the entire retinocollicular system were all excitatory in nature without any 
inhibitory built-up element, a state of continuous impulse transmission may occur. 
This could damage the immature and developing nerve fibers. If this is the case, the 
presence of a pre-synaptic GABAergic frequency-sensitive filter could serve as a 
neuroprotection agent and also as a mechanism to minimise error connections 
between the retinal afferents and their targets in the SC, by means of slowing the 
traffic flow in new and uncharted territory. It would then be extremely important for 
this inhibitory mechanism to mediate through a fast response receptor, such as 
GABA(A) (Lyden, 1997).
How to reconcile the contradiction in Wallaby?
In the rat, why is the initial retinotopic map in the colliculus less ordered (Simon and 
O ’Leary ,1992) while in the wallaby, there is a comparatively high precision observed
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in the topographical order as the retinal axons reach the SC and spread over its 
surface (Ding and Marotte, 1997)? This major difference could be due to the long 
protracted nature of development in the case of the wallaby. Thus it is legitimate for 
one to assume that the molecular cues play a more dominant role in the retinotectal 
map formation with respect to the rat, because the time proportion allocated to 
molecular cues vis-a-vis that activity-dependent mechanism for map formation in the 
developmental time scale will be higher in the wallaby. This could in turn also 
account for the relatively longer silent period observed in wallaby (27 days) than in rat 
(4 days). Furthermore, the CAP measured in wallaby optic nerve is more sensitive to 
bicuculline treatment (or has a comparatively lower level of threshold) as evidenced in 
Fig 64 (lpM , BMI) and this may be tied to the need for the extensive long silent 
period.
It is highly plausible that the presence of the GABAergic effect early in development 
and its gradual switching-off enabled Mark and his co-workers (1993b) to detect the 
two distinct stages of functional development in the retinocollicular pathway of the 
wallaby. That is, the protracted period of silence (no recordable electrical activity in 
the SC) during the initial map formation, followed by the formation of terminal zones 
in retinotopically correct positions and onset of evoked potentials.
Developmental Scheme: Role of GABA
The synchronication of the timing between the presence and function o f pre-synaptic 
GABA with other critical functional development could be more than just incidental. 
Rather, it could be a well conceived design built into the system to allow an
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appropriate safety time margin during development. Taken together, the effects of 
GABA and the GABA(A) receptor antagonist, bicuculline, for rats from E 18 to P 5, 
appear as a mirror image between two opposing agents (Fig 29 & 33). This serves as 
further confirmation of the correlation in the timing between the onset of synaptic 
transmission and the switching on of an endogenous pre-synaptic GABAergic filter, as 
well as permitting the increasing efficacy of this filter in development.
When one looks at an overall retinocollicular pathway development prospective, the 
difference between the 4-day or 27-day discrepancy in the onset of functional 
connectivity in vivo and in vitro, in rat and wallaby, respectively, is indeed hard to 
reconcile. Isolated factors, such as anesthetic or temperature, derived from the 
procedural differences used in the two experimental paradigms, may all contribute but 
cannot quite account for this vast time difference, particularly in this crucial 
developmental time window.
GABAergic filter is switched on just prior to the onset of synaptic function and then 
ramped up with an increasing efficacy with age. Then it is gradually switched off by 
P 15, a few days after the completion the topographically refinement process in the 
SC at P 12 (Simon and O’Leary, 1992a). Relevant to this, it is about P 12 that the 
postsynaptic GABAergic inhibitory mechanism in the colliculus begins to function and 
ramp up with time. One likely scenario is that the non-response (synaptic function) 
recorded in the colliculus in vivo could be due to the blockage brought about by the 
endogenous GABA acting on the GABA(A) receptors in the optic nerve. 
Furthermore, it is possible that the artificial cerebrospinal fluid used in vitro may leach 
out GABA and so improve conduction. This could also explain the need for a
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relatively high dose of GABA being required to detect the attenuation as observed in 
vitro. In the in vivo situation, the body temperature is higher and when this is coupled 
with the endogenous GABA, the optimal condition for an effective block is thus 
created and this may account the non-responsiveness.
Based on the postulation above, the presence of the transient pre-synaptic GABAergic 
filter could be the mechanism that links the chemoaffinity hypothesis with the activity- 
dependent mechanism in the formation retinotopic map.
Conclusion and Possible Future Research
The comparatively early detection of synaptic function in vitro in both placental and 
marsupial mammals is a genuine physiological function and it is unlikely to be due to 
artifacts caused by different experimental paradigms. Any such artifacts would need 
to be in perfect temporal correlation with development, which, by definition, would 
qualify the artifacts to be a biological mechanism in the development of the 
retinocollicular pathway in particular, if not in general in the central nervous system. 
The negative response (in synaptic activity sense) under the in vivo circumstances or 
the disparity problem between the silent periods as a percentage of time in the overall 
caecal period, remains an issue.
It is likely that the initial retinotopic map is strictly determined by molecular and 
navigational cues independent of activity. However, spontaneous activities from the 
retina and the continuous release of transmitters from the growth cones are taking 
place concurrently from the outset of this mapping process. Thus, one of the critical
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functions of GABA in the optic nerve, in addition to providing a trophic role, is to 
eliminate these activities so as to minimise the possibility of having error messages 
sent to the wrong targets, which could result in a highly distorted initial map. In other 
words, having this GABA mechanism in place within this early developmental time 
window means it can serve as a developmental time clock filter which is gradually 
switched on to block off neural activities in the phase I development of functional 
retinocollicular connectivity. This permits the initial map formation to take place 
without any interference. In Phase II, this filter is gradually switched off once the 
initial map is established. As shown by Sakatani et al (1992), there is a gradual drop 
in the effect of GABA from P 5 to P 15 in the optic nerve of the rat. This allows 
activity-dependent mechanisms to take over the refinement of the connections in the 
retinotopic map. And also by this time, the postsynaptic GABA-mediated inhibition in 
the SC is well in place. Though the corresponding detailed timetable for the 
GABAergic filter (in the optic nerve) of the wallaby is yet to be worked out, it is 
highly probable that the functional development mechanisms will be quite similar to 
those found in the rat, given the similarities of development in the retinocollicular 
pathway found in this present study. The proposed functional developmental 
mechanisms in the rat retinocollicular pathway are illustrated in the following 
schematic diagrams (see Fig 70 & 71).
Following from the above discussion, these arising issues need to be addressed. 
Specifically, what is the role(s) of GABA in the initial retinotopic map formation? 
Could the absence or removal of GABA and/or GABA(A) receptors in the optic 
nerve create a distorted map? Will the absence of GABA and/or GABA(A) receptors 
“revive” the role of NMD A within the first 12 days postnatally in the rat
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retinocollicular pathway, such as playing an active role in the initial map formation or 
becoming a critical factor in preventing cell death in the optic nerve during the first 
two weeks postnatally? Why is there no total blockage effect on the compound action 
potentials with GABA applied into the bath? Could this be due to the binding efficacy 
between GABA and GABA(A) receptors which is temperature-sensitive? Or, 
possibly, to the existence of a complex age-dependent GABAergic mechanism located 
at the distal end of the optic nerve, permitting low frequency conduction but not 
neurotransmitter release?
Furthermore, is the GABAergic filter a universal mechanism that exists in the all 
visual pathways during development? If this is so, then it is likely that this transient 
GABAergic filter phenomenon must be re-created in all the regeneration processes 
that involve optic nerve and map formation; otherwise, a distorted retinotopic map 
will be formed.
Some of these questions can be tested in vivo. The complexity of maintaining an 
embryonic rat in vivo is technically demanding, if not impossible. Yet in contrast, the 
ease of using a pouch young wallaby in vivo, the long protracted time window of 
opportunity in the critical developmental timeframe, the availability of background 
knowledge, and the similar functional development, at least in the system under 
consideration —all these factors point to the fact that the tammar wallaby will be a 
more suitable choice of animal for future research. However, it would be 
advantageous to carry out some additional research in the rat retinocollicular pathway 
as a ‘template’ in a highly compressed timeframe before pursuing more definitive 
work in the wallaby.
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RAT
Project I:
Aim: To identify GABA(A) receptor sites in prenatal and neonatal optic nerve
As a follow-up to the ground work laid done by Sakatani and his co-workers (1992) 
and Butt & Jennings (1994a,b) in the neonatal optic nerve, further immuno-electron 
microscopy could be carried out in the rat optic nerve at ages E 15 to P 4 to identify 
GABA(A) receptor sites.
Project I I
Aim: To study the possible role of NMDA in the initial stages of retinotopic map 
formation in the absence of pre-synaptic GABA effect
Having identified the timing for the expression of GABA(A) receptors in project I, 
then one could use an antisense oligonucleotide (ODN) for ‘gene knockdown’ in the 
rat optic nerve to study the role of GABA in the developing optic nerve. According 
to recent studies (Pilowsky el at, 1994; Wahlestedt, 1994; Karle et al, 1995) the ODN 
can selectively inhibit the expression of a protein in the brain in vivo; and particularly 
Karle et al (1995) has demonstrated that when administered into rat hippocampus, 
ODN to GABA(A) receptor y2 subunit can inhibit the in vivo formation of both 
benzodiazepine binding sites and GABA(A) receptors.
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In essence, the scheme would be to infuse antisense oligonucleotide to GABA(A) 
receptor y2 subunit into rats (precise age to be determined by the outcome in project I 
but well before P 6) and perform in situ hybridization on sections of SC from rat at P 
6, P 12 and P 19 to investigate the expression of NMD A glutamate receptor mRNA .
WALLABY
Project I
Aim: To determine the pre-synaptic GABA factor on the timing of functional onset in 
vivo
Given the 27-day gap in the functional onset of activity between the in vivo and in 
vitro studies in the wallaby retinocollicular pathway, one could randomly select 
animals aged PY 12 to PY 35 and infuse them with antisense oligonucleotide to 
GABA(A) receptor y2 subunit in one optic nerve (for ‘gene knockdown’ purpose). 
Next, an extracellualr recording in the contralateral SC could be conducted to 
determine whether functional synapses are present in vivo in this age group and 
contrast this with the control recording taken in the ipsilateral colliculus.
Project II
Aim: To develop a profile of functional GABAergic filter in the wallaby optic nerve 
during development, as observed in the rat
4-30
Follow the collicular preparation as described in this thesis on the optic nerve, and use 
extracellular recordings coupled with GABA and bicuculline in bath application to 
fully characterize changes in the amplitudes of compound action potentials of wallaby 
optic nerve aged from PY 4 to PY 140, as well as to characterize responses to various 
rates of stimulation during development.
Project III
Aim: To identify GABA(A) receptor sites in pouch young wallaby optic nerve during 
development
In parallel to the electrophysiology investigation (project II), optic nerves from 
perfusion-fixed animals will undergo immuno-electron microscopy for identification of 
GABA(A) receptor sites during development. The upper age limit for this study will 
be determined by the outcome in project II (wallaby).
Project IV
Aim: To study the possible changes in retinocollicular map in the absence o f pre- 
synaptic GABAergic filter
Wallabies aged PY 0 to PY 70 will be studied. The plan would be to infuse antisense 
oligonucleotide to GABA(A) receptor y2 subunit in one optic nerve of wallaby and 
label carbocyanine dye l,r-dictodecyl-l-3,3,3'3'-tetramethyl-indocarbocyanine 
perchlorate (Dil) in different retinal quadrants at birth. Use a different dye to label the 
different quadrants on the other retina at birth to serve as a control. Animals will then
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be sacrificed at various ages starting from PY 4 to PY 70, and whole-mounts taken 
from both colliculi will be examined and compared in order to determine the possible 
changes in their respective topographic order in their retinocollicular projection.
Despite the extensive research performed on the development of the retinocollicular 
pathway of various species over the past decades, there are still large gaps in our 
understanding of how the various factors and mechanisms interact and play their 
respective roles in the retinotopic map formation. In part, the study of developmental 
biology is indeed a living paradox for the age-old issue of consistency vis-a-vis 
completeness. For instance, if one is to determine the onset of synaptic transmission 
for developing animals objectively then one must use a set of consistent criteria for all 
ages as demanded in any scientific pursuit. And this would imply that one is likely to 
draw from the set of criteria used in adults. However, in doing so, one must then 
assume there is a completeness of information for animals throughout development 
which by itself is a fallacy. So finally, one has no alternative but to echo the following 
line from Lyall Watson.
“ If the brain was so simple we could understand it, we would be so simple that we 
couldn’t.” ------  Lyall Watson
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